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ABSTRACT
The increasing global levels of sulfur content in crude oil have motivated the
development of alternate desulfurization technologies. Microbial desulfurization or
biodesulfurization (BDS) has gained interest due to the ability of certain biocatalysts to
desulfurize compounds that are recalcitrant to the currently employed hydrodesulfurization
(HDS) technology. Two of the major obstacles to commercialization of BDS are mass transport
limitations and the inability to maintain biocatalyst activity for long periods of time. In this
work, the mass transport limitations were studied in a small-scale model system consisting of a
resting cell suspension of Rhodococcus erythropolis IGTS8 mixed with hexadecane containing
dibenzothiophene (DBT). DBT has become the model compound in BDS studies because its
alkyalted derivatives are highly recalcitrant to HDS. Biocatalyst aggregation was found to be
significant at cell densities higher than approximately 5 g DCW/L, with aggregates reaching
mean diameters of over 100 gm. The diffusion of DBT through the aggregates was the major
mass transport limitation in the system. Agitation at a power input per volume of over 10 W/L
was estimated to be enough to overcome all mass transport limitations in the BDS system.
2-hydroxybiphenyl retention by the biocatalyst was correlated with the reduction in
biocatalyst activity. The biocatalyst affinity for HBP is on par with that of the oil phase and
about 60 times that of the aqueous phase. Inhibition of three of the four enzymes in the BDS
pathway by HBP was determined to be the cause for the reduction in biocatalyst activity. This
conclusion was reached from the finding that the concentrations of HBP that affect the enzymes
are significantly lower than the estimated cytoplasmic HBP concentrations during BDS. A
mathematical model based on enzyme inhibition predicted the reduction in BDS accurately.
Thesis Supervisors: Professor Daniel IC Wang and Professor Kristala LJ Prather
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CHAPTER 1
Introduction
Abstract
This chapter first describes background information on the field of desulfurization of liquid fuels,
with special focus on the microbial desulfurization process. Next, the motivation and objectives
of my thesis project are presented. This chapter concludes with the thesis organization.
12
1.1 Background on desulfurization of fuels
Crude oils and fuels derived from crude oil contain various kinds of sulfur-containing
compounds. Any sulfur that is not removed from the fuel in the refining process will be
converted into sulfur oxide (SO,) gases during fuel combustion. SOx gases pose an
environmental risk in that they lead to acid rain after combining with water vapor. Exposure to
SOx gases can lead to adverse respiratory effects including bronchoconstriction and increased
asthma symptoms (Luke et al, 2006). Therefore, it is imperative to remove as much sulfur from
the fuels as possible prior to combustion.
Sweeter, lower sulfur content crudes are being depleted at much faster rates than sour,
higher sulfur content crudes. The main reason for this is that sweeter crudes are much easier to
refine and lead to fuels of much better quality. As sweet crude reserves are being depleted, the
average sulfur content of globally available petroleum is steadily increasing. Furthermore, the
regulations concerning the sulfur content of crude-derived fuels are becoming increasingly
stringent (Swaty, 2005). Treating heavier sour crude oils while facing stricter sulfur and carbon
dioxide regulations is the reality of the future. The current regulations for diesel in the US are 15
ppm sulfur content and 15% aromatics concentration (Swaty, 2005). These figures are expected
to become even stricter in the future as the push towards ultra-low-sulfur diesel is made. About
72% of crude oil is refined into transportation fuels in the US and this yield will be more difficult
to maintain as heavier more sour crude oils become more prevalent (Swaty, 2005). Therefore,
increased processing capacities will be needed just to maintain the same quality and product
volumes.
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1.1.1 Hydrodesulfurization (HDS)
The current industry standard for desulfurization of fuels in the refinery is
hydrodesulfurization (HDS). HDS is currently used only on fuels derived from crude oil such as
gasoline, diesel and jet fuel. HDS is not used to treat crude oil itself. HDS takes place in a
fixed-bed reactor at temperatures ranging from 300 to 4000 C and pressures ranging from 30 to
130 atmospheres (Gary & Handwerk, 1984). This process is typically carried out in the presence
of a catalyst consisting of an alumina base impregnated with cobalt and molybdenum (Gary &
Handwerk, 1984). One of the drawbacks of HDS is that it has trouble in desulfurizing
compounds derived from the parent molecule dibenzothiophene (DBT). Typically the more
alkylated the DBT molecules, the higher the recalcitrance to HDS. The reason for the
recalcitrance of these alkylated DBTs is that the alkyl groups near the sulfur atom can lead to
steric hindrance of the metal catalyst used in HDS (Chianelli et al, 2002). As a result, there has
been interest in alternate desulfurization methods, especially those that may be able to
desulfurize alkyalted DBT molecules.
1.1.2 Alternative chemical desulfurization methods
Some of the altemate chemical desulfurization processes include extraction, oxidation
and adsorption. The idea behind the oxidation process is that it is possible to convert DBT and
its derivatives into their respective sulfones and sulfoxides. These sulfones and sulfoxides can
then be removed from the mixture by extraction with relatively polar solvents, by adsorption,
cooling or pyrolysis into sulfur dioxide (Rang et al, 2006). The oxidation is typically carried out
by peroxide in the presence of a catalyst, such as Ni-V (Rang et al, 2006). Some of the problems
with the oxidation-extraction process include low oxidation activity, difficulty in separation and
14
recovery of the catalyst, low efficiency of peroxide utilization and introduction of new,
unexpected oxidized components into the system (Li et al, 2004). The most common adsorption
process for desulfurization of organic compounds in crude is the Phillips S Zorb process (Rang et
al, 2006). This process is carried out in the presence of hydrogen and modified zinc oxide on a
carrier (Rang et al, 2006). Sulfur from the sulfur-containing compound is converted to hydrogen
sulfide. Although able to achieve high levels of desulfurization, this technology is not able to
reach the levels of desulfurization dictated by the current regulations for liquid fuels (Rang et al,
2006).
1.2 Background on microbial desulfurization
Microbial desulfurization or simply biodesulfurization (BDS) is the process of treating
crude oil or fuels derived from crude oil with microbial catalysts or biocatalysts. BDS has
gained interest over the last 20 years. One of the main reasons for this is that the biocatalysts
employed in BDS have the potential to desulfurize compounds that are recalcitrant to HDS. One
of the most recalcitrant compounds to HDS is 4,6-Dimethyldibenzothiophene (4,6-DMDBT). In
1995, an Arthrobacter strain was isolated that could specifically cleave sulfur from sterically
hindered DBTs, including 4,6-DMDBT and 4,6-diethyldibenzothiophene (Lee et al, 1995).
Another strain with the ability to desulfurize sterically hindered DBTs is Rhodococcous
erythropolis H-2 (Ohshiro et al, 1996). This strain could grow in a medium with DBT
derivatives such as 3,4-benzoDBT, 2,8-DMDBT and 4,6-DMDBT as the sole sulfur source.
Each compound was selectively desulfurized by R. erythropolis H-2 as shown by gas
chromatography-mass spectrometry. In another study, Rhodococcus sp. ECRD-1 was used to
treat a previously hydrotreated middle distillate oil with a total sulfur content of 669 mg/kg. The
1s
oil was composed of 5% DBT, while the majority of the remaining 95% was alkylated DBTs.
Treatment with Rhodococcus sp. ECRD-1 for 7 days decreased the total sulfur content to 56
mg/kg. This shows that Rhodococcus sp. ECRD-1 was effective in removing most of the
alkylated DBTs present in the oil (Grossman et al, 2001). Therefore, it is clear that there are a
variety of BDS biocatalysts that have the ability to desulfurize compounds that are recalcitrant to
HDS.
1.2.1 Biodesulfurization pathways
There are three main pathways that have been discovered in biocatalysts that have BDS
capability. These are the Kodama pathway, the anaerobic pathway and the 4S pathway. The
Kodama pathway is a destructive BDS pathway because the sulfur atom is not selectively
cleaved from the DBT molecule (Figure 1-1). Instead, carbon-carbon bonds are broken in this
pathway. Strains that possess this pathway metabolize DBTs as a carbon source and, in a series
of oxidizing steps, convert them into several water-soluble compounds (Kodama et al, 1970).
The accumulation of these water-soluble end products significantly inhibits microbial growth
and further DBT oxidation (Soleimani, 2007). The three main steps in this pathway are
hydroxylation of one phenyl ring, ring cleavage and hydrolysis (Figure 1-1).
The anaerobic BDS pathway has been demonstrated in the organism Desulfovibrio
desulfuricans M6 (Kim et al, 1990). This anaerobic strain was able to degrade 42% of DBT in
the media (Kim et al, 1990). Metabolite analyses showed that the products were biphenyl and
H2S, which makes this pathway selective as opposed to destructive (Kim et al, 1990). One of the
advantages of this pathway is that oxidation of hydrocarbons to undesired compounds is minimal
under anaerobic conditions (McFarland, 1999). However, this pathway has two major
16
disadvantages. First, the destructive nature of the pathway means that the caloric value of the
fuel is reduced. Second, the specific activity of most of the isolated strains has been reported to
be insignificant for alkyalted DBTs (Armstrong et al, 1995).
oo10-0 H
H
aS
SH OHOHOH
HOH
IHO OH0
OH H3C OH
O OH OH0 1a
000
o' OH O0
S O OH
0
Figure 1- 1. Kodama pathway.
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The BDS pathway that has gained the most interest over time is the 4S pathway. This
pathway is a specific oxidative pathway in that the carbon-sulfur bond is selectively cleaved,
leaving the hydrocarbon skeleton of DBT intact (Figure 1-2). The 4S pathway is a four-step
enzymatic pathway that converts DBT to 2-hydroxybiphenyl (HBP) and sulfate (Figure 1-2).
The first two steps are the conversion of DBT to DBT-sulfoxide (DBTO) and then to DBT-
sulfone (DBTO2). These steps are catalyzed by the enzymes DszC monooxygenase and DszD
oxidoreductase in synchrony. The third step is the conversion of DBTO2 to 2-(2'-hydroxyphenyl)
benzene sulfinate (HBPS), which is catalyzed by DszA monooxygenase and DszD
oxidoreductase in synchrony. The final step is the conversion of HBPS to HBP and sulfite by
DszB desulfinase (Gray et al, 2003).
18
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DBT-MO (DSZC) FN2 sz(NAD+
02 "( N 1G'NADH
DBT-sulfoxide
0
DBT-MO (DszC) (FMNH 2 ) NAD+
02 FMN 'NADH
DBT-sulfone
0
DBTO2-MO (DszA) FMNH2 NAD+
02 FMN NADH
HO
HBP
+ HS0 3
HPBS desuhfinase
(DszB)
Figure 1-2. The four-step BDS 4S pathway.
1.2.2 BDS process steps
A typical BDS process consists of mixing a resting cell suspension of a certain
biocatalyst with an oil phase containing the organic sulfur compounds to be desulfurized. One
model oil system is hexadecane that contains DBT. DBT has become the model compound in
recent years because it is the parent molecule to many compounds that are recalcitrant to HDS.
There are a number of transport and kinetic steps that need to be considered in a BDS system
(Figure 1-3). The most common BDS biocatalysts studied are gram-positive bacteria that have
19
HO
S02-
HPBS
highly hydrophobic cell walls, such as Rhodococcus erythropolis and Mycobacterium goodii.
Due to their hydrophobicity, these biocatalysts have the ability to adhere to the hydrocarbon
phase. These cells act essentially as an oil-water emulsifier (Doronbantu et al, 2004). It has
been previously postulated that cells that have adhered to the oil-water interface may be able to
obtain DBT by "drinking from the oil" directly (Monticello, 2000) instead of requiring DBT to
be transported from the bulk oil phase to the bulk water phase. Moreover, in aqueous solution,
these biocatalysts have a tendency to aggregate because the cell wall-cell wall (hydrophobic -
hydrophobic) interactions are more favorable than the cell wall-water (hydrophobic -
hydrophilic) interactions. As a result, the biocatalyst is present in one of three populations: free
cells in aqueous solution, cells as part of larger aggregates and oil-adhered cells (Figure 1-3).
The number of mechanistic steps involved in the bioconversion of DBT to HBP depends on the
population of cells that is considered. For cells that form aggregates in the aqueous phase there
are three mechanistic steps (Figure 1-3). The first step is the transport of DBT from the oil to the
aqueous phase. The second step is DBT transport from the external surface of the bacterial
aggregate through the aggregate until DBT reaches a single cell's surface. The third and final
step is the uptake of DBT by the cells and enzymatic degradation of DBT into HBP and sulfate
via the 4S pathway. For free cells in the aqueous phase, the second step does not occur. For oil-
adhered cells neither the first nor the second step occurs because cells have access to DBT
directly from the oil phase. In parallel with DBT mass transport, oxygen transport from the gas
to liquid phase and oxygen uptake by the biocatalyst also takes place because the 4S pathway is
oxidative (Figure 1-2). The overall balanced DBT to HBP reaction dictates that 3.5 moles of
oxygen are required per mole of DBT desulfurized (Schilling et al, 2002):
DBT + 3.502+4NADH -- H BP+ H 2 SO4 +2H 20+4NAD*
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Figure 1-3. Mechanistic steps in a BDS system with a gram-positive biocatalyst.
1.3 Motivation and objectives
The obstacles facing commercialization of microbial desulfurization can be grouped into
two categories: genetic engineering challenges and process engineering challenges. Over the last
10-15 years, there have been a large number of publications concerning the genetic manipulation
of BDS biocatalysts to achieve higher specific activities (Coco et al, 2001; Li et al, 2008; Matsui
et al, 2001; Reichmuth et al, 2004). On the other hand, there have been few reports dealing with
the process engineering obstacles facing BDS. Some of the major process engineering
challenges include: maintaining biocatalyst activity over time, overcoming mass transport
limitations to ensure that the maximum volumetric rate permitted by the biocatalyst is achieved,
and separation of the biocatalyst from the oil-water mixture at the end of the process. The focus
of this thesis is on the first two process engineering challenges listed here: maintaining
biocatalyst activity and overcoming mass transport limitations. The two main objectives of this
thesis are:
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1 Oil-to-water DBT mass transfer rate
2 DBT diffusion through cell aggregate
3 DBT desulfurization within cell
4 02 transfer rate
5 02 uptake rate
6 DBT uptake at oil-water interface
7 HBP transport
8 S042 production
Elucidation of the mechanism of biocatalyst inhibition
e Determination of rate-limiting step in BDS of DBT in a model oil system
1.4 Thesis organization
This thesis is organized into six chapters and each chapter is systematically organized to
contain the many spectrums involved in this project. Chapter 1 provides background on the
different methods for the desulfurization of fuels. It introduces the most common BDS pathway
and describes the mechanistic steps involved in implementing the BDS process. Chapter 2
identifies the two major phenomena that arise during the bioconversion of DBT by Rhodococcus
erythropolis IGTS8 in a model oil system: (1) the desulfurization rate is highly dependent on
mixing speed and (2) biocatalyst activity decreases quickly over time. Chapter 3 addresses the
first major phenomenon identified in Chapter 2. An analysis of the various mass transport and
kinetic steps is performed and the rate-limiting step is found to depend on the power input per
volume in the system. Chapters 4 and 5 address the second major phenomenon identified in
Chapter 2. Chapter 4 isolates HBP accumulation as the main cause for the reduction in
biocatalyst activity observed during the BDS of DBT in model oil. This chapter also shows that
the biocatalyst retains HBP and that this retention of HBP causes the reduction in biocatalyst
activity. Chapter 5 elucidates the mechanism for the reduction in biocatalyst activity with HBP
retention. Chapter 6 presents the conclusions and recommendations for future work.
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CHAPTER 2
Characterization of the desulfurization of DBT in model oil
by R. erythropolis IGTS8 in a 7 L bioreactor
Abstract
The microbial desulfurization of DBT in model oil by R. erythropolis IGTS8 was characterized
in a 7 L bioreactor. After growth to high cell density, hexadecane containing 100 mM DBT was
added to the bioreactor at an oil fraction of 0.10 vol/vol. The volumetric desulfurization rate
(VBDS) was monitored thereafter. The mixing speed immediately after oil addition was 200
RPM. After 2.5 hours, the mixing speed was step-changed to 500 RPM and maintained at that
value for the remainder of the experiment. Two key phenomena were observed during the BDS
bioreactor experiments. First, the volumetric desulfurization rate (VBDS) increased sharply when
the mixing speed was increased from 200 to 500 RPM. This observation suggested that the BDS
process might be severely mass transport limited at 200 RPM. Since the oxygen transfer rate
(OTR) and the DBT oil-water mass transport rate (MTRBDS) were shown to be high enough to
sustain the maximum desulfurization rate (Vmax), the mass transport of DBT within bacterial
aggregates was suspected as the possible rate-limiting step. The second key phenomenon was
that the VBDs decreased steadily with increasing total HBP concentration. The two key
phenomena identified in this chapter served to guide the future direction of this thesis.
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2.1 Introduction
The BDS of DBT in a model oil system within a bioreactor has been studied in detail
previously (Schilling et al, 2002; Caro et al, 2008). The biocatalyst may be present as growing
or resting cells. The growth of BDS biocatalyst to high cell densities in a fermentor has been
studied previously (del Olmo et al, 2005; Kishimoto et al, 2000; Honda et al, 1998). R.
erythropolis IGTS8 was grown in a fed-batch fermentor using defined medium with acetic acid
as the carbon source and both sulfate and DBT as sulfur sources (Honda et al, 1998). The cell
density reached 33 g DCW/L after 28 hours at a growth rate of 0.16 h-. Growth stopped after 28
hours and the reason was not clear because no significant accumulation of any compounds,
including organic acids, was detected in the broth and no nutrients were depleted. It was
suggested that the strain might need some unknown components for further growth. In contrast,
the cell density reached when DBT was used instead of sulfate as the sulfur source was only 1.1
g DCW/L and it was shown that the specific growth rate decreased drastically as HBP
accumulated in the medium above 0.2 mM. The sulfate concentration during biocatalyst growth
was over 13 mM. DBT desulfurization activity of the biocatalyst was induced by incubating the
cells with DBT after the 28-hour growth period. The BDS activity reached after 3-4 hours of
induction with DBT was 6.1 pmole/g DCW/h. It has been previously shown that if the sulfate
concentration is maintained below 1 mM during the growth phase, no induction of DBT
desulfurization is needed after growth (Kilbane, 1992).
Reduction of biocatalyst activity over time has been previously reported in the BDS
processes (Schilling et al, 2002; Naito et al, 2001). The desulfurization activity of a cell
suspension of R. erythropolis IGTS8 of cell density 66 g DCW/L mixed with hexadecane (at 1:1
v/v ratio) containing 19 mM DBT initially was followed. It was found that the activity decreased
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according to first order decay with decay constant of 0.072 h-1. The cells were active for 24
hours and only 7 out of 19 mM DBT in the oil phase were desulfurized (Schilling et al, 2002). It
was suggested that the loss of biocatalyst activity might be due to solvent exposure, nutritional
limitations, and the exposure to increasing HBP concentrations (Schilling et al, 2002).
The volumetric desulfurization rate (VBDS) can be expressed as:
VBDS = X(1 - p)RBDS (1)
where VBDS is the volumetric BDS rate, X is the biocatalyst density in the aqueous phase, RBDS is
the cell-specific desulfurization rate, and <b is the oil fraction in the system. When all mass
transport limitations are overcome and no compounds inhibit the biocatalyst's BDS activity, the
value of RBDS is maximized. This value is defined as Ra.
The goal of this chapter was to characterize the mechanistic steps involved in the BDS of
DBT in model oil (hexadecane) in a bioreactor at high cell density in order to maximize the
volumetric BDS rate. Furthermore, key phenomena that arise during the BDS process performed
at high cell density were identified. The strain used in this study was R. erythropolis IGTS8
(ATCC 53968) because it is the only strain in the public domain with known BDS capability and
the best characterized to date.
2.2 Materials and Methods
2.2.1 Bacterial strains, media and chemicals.
The DBT-desulfurizing strain used in this study was Rhodococcus erythropolis IGTS8
ATCC@ 53968T, purchased from the American Type Culture Collection (USA). The defined
minimal medium (MM) for cultivation of R. erythropolis IGTS8 contained (per liter of deionized
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water): glucose 30.0 g, NH4Cl 3.0 g, K2HPO4.3H 20 6.75 g, NaH2PO4.H20 2.25 g, MgCl 2 0.245
g, FeCl3 4 mg, CaCl 2 4 mg, Na2SO 4 0.14 g, ZnCl 2 32 mg, MnCl2.4H 20 1 mg, CuC12.2H20 5 mg,
Co(N0 3)2.6H 20 0.7 mg, Na2B 40 7.10H 20 0.7 mg, (NH4)6Mo7 O24 .4H2 0 1 mg, EDTA 12 mg.
Cryogenic stocks were prepared by addition of 15% (vol./vol.) glycerol (final concentration) to
mid-log growth phase cultures in MM, which were then kept at -80*C for long term storage. The
mid-log growth cultures were concentrated so that the effective cell density within the cryogenic
vials was 31 g DCW/L. Media components were obtained from VWR International (USA). All
other chemicals were obtained from Sigma-Aldrich (USA).
2.2.2 Bioreactor configuration.
A total working volume of 4 L was chosen for use in a 7 L New Brunswick Bioflo II
bioreactor (tank diameter: Dt = 17.2 cm). The working volume was agitated with two 6-blade
Rushton turbine impellers (impeller diameter: Di = 7.5 cm, impeller height: Hi = 1.1 cm, 2.75 cm
spacing), rotated on a 1.1 cm shaft, while four equally-spaced baffles were used to enhance
mixing. Air was supplied to the bioreactor with a standard New Brunswick Bioflo II sparger
located at the base of the agitator shaft. The bioreactor was equipped with pH and dissolved
oxygen (DO) probes from Mettler Toledo@.
2.2.3 Measurement of volumetric oxygen transfer rate coefficient (kLa).
The oxygen transfer rate (OTR) and volumetric oxygen transfer rate coefficient (kLa)
were measured by the dynamic method (Taguchi and Humphrey, 1966). During growth of the
biocatalyst in a bioreactor, the dissolved oxygen balance is given by:
dCo2 = OTR - OUR (2)
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where Co 2 is the dissolved oxygen concentration, OTR is the oxygen transfer rate from the air to
the liquid and OUR is the oxygen uptake rate by the biocatalyst. The OTR and OUR can be
expressed as:
OTR =kL(C0 2 - C0 2) (3)
OUR =q0 2X (4)
where kLa is the volumetric oxygen transfer coefficient, C*o2 is the dissolved oxygen
concentration that would be in equilibrium with the actual oxygen concentration in air bubbles,
qo2 is the specific oxygen uptake rate by the biocatalyst and X is the biocatalyst density. The
dynamic method consists of two steps. In the first step, the inlet of airflow to the reactor is
turned off resulting in OTR = 0 and leading to a decrease in the dissolved oxygen concentration,
which is recorded by the DO probe. The dissolved oxygen mass balance during this first step can
be expressed as:
dC02
dt (5)
Therefore, the specific oxygen uptake rate can be determined from the slope of the dissolved
oxygen concentration profile versus time. In the next step, the airflow is restored and the
dissolved oxygen concentration is tracked with time. By integrating the dissolved oxygen mass
balance equation, the value of kLa can be obtained from the expression:
t2
q0 2XAt + ACo2 = kLaf (C 2 -C 02 )dt (6)
tti
where tj is the time at which aeration was restored and t2 is a time chosen thereafter.
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2.2.4 Characterization of oil-water DBT mass transport rate.
A volume of water ranging from 3600-3988 mL was saturated with DBT by adding 5
grams of DBT crystals and stirring overnight. The DBT-saturated water was filtered using a 0.2
pM PES vacuum filter unit (VWR international) and then brought to 30*C inside the bioreactor
with stirring. The impeller speed was adjusted to the experimental value (varied from 200-400
RPM) and a volume of hexadecane ranging from 12-400 mL (equivalent to an oil fraction range
of 0.003-0.10) was added. Immediately after hexadecane addition, 20 mL samples were removed
from the bioreactor via the sampling port at typical sampling times of 10, 20, 30, 60, 120, 240,
300 and 600 seconds. Samples taken at each time point were allowed to phase separate in a 30
mL glass tube. This phase separation took only about 10-60 seconds. Immediately after the oil
and water phase separated, the sample was centrifuged to ensure complete separation of oil and
water. The concentration of DBT in hexadecane and water was measured by HPLC. The
equations for DBT mass transport across the oil-water interface are:
dCDBT,oil kw BTo DBT i (7)
dt m p
dCDBT,water k aBT oil D C (8)
Vo,, dCDBT,oil dDBT ,water 
=0
dt dt
dC DB ,oil T ,wate
dt +(-) dt ,10
where V0o1 is the volume of oil phase, Vwater is the volume of water phase, k, is the water-side
DBT mass transport coefficient (oil-side DBT mass transport coefficient is irrelevant because
mow>>1), a is the oil-water interfacial area per unit volume, and me, is the oil-water DBT
partition coefficient, which is 21000 (Jia et al, 2006), C*DBT,oi = CDBT,watermow is the
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concentration of DBT in the oil phase that would be in equilibrium with the actual DBT
concentration in the water phase, and #) is the oil fraction which equals VoiiNti, where Vtotai is
the working volume in the system. For each experimental run, the best-fit value of kway was
obtained by first using the function ode15s in MATLAB@ to generate various solutions to the
differential equations for various values of kwa and then using the function nlinfit to obtain the
least-squares best-fit kwa value (minimizes the sum of squared residuals). The volumetric mass
transport coefficient (kwa) was modeled over a range of oil fraction (4)) and mixing speeds (N)
by a power law expression, the parameters of which were estimated via least-squares regression.
2.2.5 Biocatalyst growth.
A 400 pL aliquot from a -80*C cryogenic stock vial was cultured in 400 mL of defined
minimal medium in a 2 L shake flask at 30*C with 250 RPM rotary shaking for 40-48 hours to
reach mid-log growth phase. The 400 mL mid-log growth culture was used to inoculate 3600
mL of sterilized defined minimal medium in the bioreactor to give an initial cell density of
around 0.2 g DCW/L. Cells were grown in the bioreactor at 30*C, pH was controlled at 6.5,
aeration rate was maintained at 4 L/min and impeller mixing speed was increased manually when
the DO reading fell below 30%. Antifoam was added periodically when the foam level reached
the top of the bioreactor to avoid the exhaust filter being clogged. Glucose, ammonia and sulfate
levels were monitored every three hours via offline measurement and when their concentration
was less than 25% of the initial concentration, a concentrated amount of stock solution of each
nutrient was added to ensure continued growth. Growth was continued until the cell density
reached approximately 30 g DCW/L.
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2.2.6 Off-line Rma measurement.
The maximum cell-specific BDS rate (Rmx) was measured off-line by first removing a
sample of cells from the bioreactor. The cells were centrifuged at 5000 RPM for 10 min and the
supernatant was discarded. Cells were then resuspended to a cell density of 3.1 g DCW/L in 10
g/L glucose, 20 mM pH 7.0 phosphate buffer and 100 pM DBT. The volume of the reaction
mixture was 5 mL. The reaction mixture was then incubated at 30*C and 250 RPM in a rotary
shaker for 1 hour. The concentration of HBP produced after 1 hour was used to calculate the
value of Rma. No mass transport limitations or inhibitory compounds exist under the conditions
of this assay. As a result, the specific desulfurization rate measured in this assay is Rm.
2.2.7 Bioreactor desulfurization experiments.
Two BDS bioreactor experiments were performed with cells grown to densities of 29 and
35 g DCW/L. In each experiment, once the cells had grown-to a density of around 30 g DCW/L
the mixing speed in the bioreactor was set to 200 RPM. Then, 0.10 vol./vol. hexadecane
containing 100 mM DBT was added to the bioreactor to commence a DBT desulfurization
experiment. The mixing speed was kept at 200 RPM for 2.5 hours and samples were taken
during that time period to monitor the desulfurization rate. After 2.5 hours, the mixing speed in
the bioreactor was increased to 500 RPM and samples were collected every 15-30 minutes to
monitor the desulfurization rate.
2.2.8 Analytical methods.
Concentrations of DBT and HBP in the aqueous and oil phases were quantified via HPLC
(Gold 168 series Beckman-Coulter, USA) equipped with a diode array detector. External
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standards provided calibration. Analyte separation was achieved on a Zorbax@ SB-C 18
reversed-phase column (Agilent Technologies, USA) with a mobile phase of 50/50 (vol/vol)
acetonitrile/water at a flow rate of 1 mL/min. Column temperature was set to 60*C. Glucose
concentration was measured using the Quantichromm Glucose assay kit (Bioassay systems, Inc),
while sulfate and ammonium ion concentrations were estimated via Quantofix@ kits (Macherey-
Nagel, GmbH).
2.3 Results
2.3.1 DBT oil-water mass transport rate in the absence of cells.
The DBT mass transport rate was measured for a range agitation rates of 200-400 RPM
and an oil fraction range of 0.003 - 0.10. It was found that at oil fractions larger than 0.10 the
mass transfer rate was so fast that the mass transfer coefficient could not be determined
accurately. The experiments were started by adding hexadecane oil at an experimental oil
fraction to an aqueous solution saturated with DBT being mixed at an experimental mixing speed
in the bioreactor. The increase in DBT concentration in the oil phase with time was recorded in
each experiment (Figures 2-1 and 2-2). The DBT mass transport rate across the oil-water
interface was found to increase with both mixing speed and oil fraction (Figures 2-1 and 2-2).
The reason for the increase with oil fraction is that the interfacial area is proportional to the oil
fraction, as shown by the expression:
a- (11)d11
where dogi is the Sauter mean oil droplet diameter. Similarly, when the agitation rate is increased,
the oil droplet size is decreased and the interfacial area is increased as a result. The lumped
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volumetric mass transport coefficient (kwa) was found to depend on the oil fraction (<b) and
mixing speed (N) according to the relationship:
kwa = 0.0252 009N 7
The solid lines in Figures 2-1 and 2-2 correspond to the predicted values for the DBT
concentration in the oil phase obtained from the predicted values of kwa from equation 12.
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Figure 2-1. Concentration of DBT in oil phase with time from the DBT mass transport
experiments at a mixing speed of 200 RPM and oil fractions of 0.003 (filled diamonds),
0.006 (filled squares), 0.0 12 (open triangles), 0.025 (open circles) and 0.110 (x's).
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Figure 2-2. Concentration of DBT in oil phase with time from the DBT mass transport
experiments at an oil fraction of 0.003 and mixing speeds of 200 (filled diamonds), 300
(filled squares), and 400 (open triangles) RPM.
2.3.2 High-cell density growth in the bioreactor.
Two biocatalyst growth experiments were carried out in the bioreactor with a total
working volume of 4L. The initial cell density in both runs was 0.2 g DCW/L, which was
achieved by inoculating the bioreactor with 10% vol/vol of mid-exponential phase cells grown in
a 2L shake flask. Glucose, NH4Cl and sodium sulfate were added through a syringe when their
concentration decreased below 30% of the initial value. The temperature, pH and airflow rate
were maintained at 30 0C, 6.5 and 4 L/min, respectively. The mixing speed in the bioreactor was
increased manually when the dissolved oxygen concentration fell below 30%. However, the
mixing speed could not be increased above 850 RPM in either run because excessive foaming
started to occur above this value. Adding antifoam to the bioreactor above 850 RPM was
ineffective in reducing foam levels. As a result, the dissolved oxygen fell below 10% after 30-40
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hours from the time of inoculation in both runs. Due to oxygen depletion beyond 30-40 hours,
the biocatalyst shifted from exponential to linear growth in this time period (Figures 2-3 and 2-
4). The linear growth observed after the dissolved oxygen concentration became low is typical of
growth under substrate limitations (Shuler and Kargi, 2002). The growth rate during the
exponential phase was 0.12 h- in both runs. This value is slightly lower than the 0.16 h-1
reported for growth of R. erythropolis IGTS8 on acetate (Honda et al, 1998). However, growth
on acetate is more complicated to manage because acetate levels must be monitored closely since
the growth rate decreases sharply with acetate levels above 3 g/L (Honda et al, 1998).
The linear growth rate in run 1 was 0.79 g DCW/L/h, while that in run 2 was 0.62 g
DCW/L/h. One possible reason for this difference is that the dissolved oxygen in run 1 did not
fall to as low a level as it did during run 2 (Figures 2-3 and 2-4). The final cell densities reached
were 35 and 29 g DCW/L for runs 1 and 2, respectively. For run 1, the final cell density was
reached after 66 hours, while for run 2 it was reached after 63 hours. The final cell densities
reached are close to the cell density reported for growth on acetate of 33 g DCW/L (Honda et al,
1998). The reason for the cessation of growth at around 30-35 g DCW/L was not investigated in
this study. It has been suggested that the strain might need some unknown components/nutrients
for further growth (Honda et al, 1998). It is also possible that higher DO levels might be
necessary to grow this strain beyond the 30-35 g DCW/L threshold.
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Figure 2-3. Cell density (squares) and dissolved oxygen (diamonds)
erythropolis IGTS8 in run 1 in the bioreactor.
Figure 2-4. Cell density (squares) and dissolved oxygen (diamonds)
erythropolis IGTS8 in run 2 in the bioreactor.
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2.3.3 Biocatalyst grown in the bioreactor maintains a stable desulfurization rate
throughout a large part of the growth period.
R.erythropolis IGTS8 cells were grown in the bioreactor from an initial cell density of 0.2
g DCW/L to a final cell density of 35 g DCW/L in run 1 (Figures 2-3 and 2-5). The specific
desulfurization rate of the biocatalyst was monitored throughout the growth process by off-line
measurement. The Ra was found to be stable at around 7.2 ± 1.0 pmole DBT/g DCW/h for a
long period of the growth phase from 45 to 100 hours (Figure 2-5).
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Figure 2-5. Cell density (diamonds) of R. erythropolis IGTS8 grown in bioreactor and
corresponding specific desulfurization rate (squares) measured off-line. Small vertical
arrows indicate times at which nutrients were fed to the culture.
2.3.4 Determination of volumetric oxygen transfer coefficient (kLa).
The volumetric oxygen transfer coefficient (kLa) was determined using the two-step
classical dynamic method described in the Materials and methods on a growing culture of R.
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erythropolis IGTS8 at a cell density of 10.2 g DCW/L, air flow rate of 4 L/min, temperature of
30*C and mixing speed of 900 RPM (Figure 2-6). The first step involved turning off the airflow
so that OTR = 0 and the OUR was calculated from the slope (Figure 2-6). The slope was
measured using only data for the first 100 seconds after turning off the airflow because after that
time the DO was approaching the baseline reading allowed in the absence of oxygen in the
reactor. At t = 660 seconds, the airflow was restored and the increase in DO was followed over
time. The integral shown in Figure 2-6 was calculated in order to estimate the value of kLa. The
value of kLa was calculated to be 0.03 s 1 (equation 6). This measured value of kLa agrees well
with values predicted from various correlations for kLa obtained from stirred tank bioreactors
(Garcia-Ochoa et al, 2009).
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Figure 2-6. Determination of kLa by the classical dynamic method using the profile of
C0 2 versus time for a growing cell culture with a cell density of 10.2 g DCW/L, air flow
rate of 4 L/min, temperature of 30*C and mixing speed of 900 RPM.
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2.3.5 Oxygen transfer rate was not limiting in the BDS bioreactor experiments.
Typically, kLa scales with mixing speed according to kLa ~Na, where a = 2.2-2.4 for a 6-
flat bade disk turbine (Garcia-Ochoa and Gomez, 2009). From this power dependence, the value
of kLa at 200 and 500 RPM was predicted to be between 0.0008-0.001 and 0.007-0.008 s~i,
respectively. Furthermore, the maximum OTR at 200 and 500 RPM was predicted to be between
650-880 and 5900-6600 Vimole 0 2/L/h, respectively (equation 3). These values do not take into
account the presence of the oil phase, which may significantly increase the OTR (McMillan and
Wang, 1987). In a previous study, the OTR in a stirred tank bioreactor increased by over 50% in
the presence of 0.10 vol/vol oil (perfluorochemical fluid FC-40). The increase in OTR in the
presence of oil was attributed to decreased bubble size due to decreased surface tension,
increased turbulence in boundary layer around the bubble and increased oxygen permeability due
to higher solubility of oxygen in oil than water (McMillan and Wang, 1987). The oil phase used
in this study (hexadecane) has similar physical properties (density, surface tension, viscosity and
oxygen solubility) to perfluorochemical fluid FC-40. Therefore, we expect that the OTR will be
enhanced in a similar way with both hexadecane and perfluorochemical fluid FC-40. The
adjusted OTR values in the presence of 0.10 vol./vol. oil at 200 and 500 RPM are predicted to be
980-1300 and 8800-9900 pmole 02/L/h, respectively (Table 2-1).
The OUR by resting cells that only require oxygen for biodesulfurization (OURBDS) and not for
growth can be determined from the expression:
OURBDS = RBDSX( - (2DBT
where RBDS is the cell-specific desulfurization rate, X is the cell density in the aqueous phase, <5
is the oil fraction and Y02/DBT is the number of moles of 02 needed to desulfurize 1 mole of DBT,
which is 3.5 (Schilling et al, 2002). The maximum OURBDS (OURmax) in a system at a constant
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cell density and oil fraction will occur when the cell-specific desulfurization rate reaches its
maximum value of RBDS = Rmax. The value of Rm can vary slightly from batch to batch, but is
stable within the same batch from 45-100 hours during the growth phase (Figure 2-5). The value
of Ra for runs 1 and 2 was measured to be 8.0 ± 0.5 and 6.6 ± 1.0 pmole DBT/g DCW/h,
respectively. The Rax values were measured at 97 and 63 hours for runs 1 and 2, respectively.
The OURax in the BDS bioreactor experiments for runs 1 and 2 was estimated to be 600 and
880 pmole 0 2/L/h, respectively (Table 2-1). Comparing the OURmax with the OTR for the two
different mixing speeds and at the two different cell densities shows that OTR was enough to
sustain the highest achievable OURmax. As a result OTR was not a rate-limiting step in the BDS
bioreactor experiments (Table 2-1).
Table 2-1. Comparison of OTR and OUR for the BDS bioreactor experiments
Mixing speed OTR (pmole OUR. at X = 29 g DCW/L OUR. at X = 35 g DCW/L
(RPM) 0 2/L/h) (pmole 02/L/h) (pmole O2/L/h)
200 980-1300 600 880
500 8800-9900
2.3.6 DBT oil-to-water mass transport rate was not limiting in bioreactor experiments.
The DBT mass transport coefficient between hexadecane and water (kwa) was measured
in the bioreactor at mixing speeds from 200-400 RPM and oil fractions from 0.003 to 0.10. The
dependence of kwa on mixing speed and oil fraction was given by equation 12. The mass
transport rate of DBT across the oil-water (MTRDBT) interface is given by:
MTRDBT ka DBToil MowDBT,waer) (14)
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where all the variables have been previously defined. The DBT mass transport rate in the
bioreactor at CDBT,oil = 100 mM and mixing speeds of 200 and 500 RPM was calculated to be
1400 and 17000 gmole DBT/L/h, respectively. The maximum volumetric desulfurization rate is
given by the relationship:
V== X(i - #)R. (15)
The value of Vma depends on the cell density, the oil fraction and Ra. The values of X, <b, and
Rma were measured. The value of Vm for runs 1 and 2 was calculated to be 252 and 170 pmole
DBT/L/h, respectively. Comparing the values of MTRDBT with those of Vm clearly shows that
the DBT mass transport rate across the oil-water interface was not limiting at either 200 or 500
RPM.
2.3.7 DBT biodesulfurization in bioreactor.
After the cells had grown to cell densities of 35 and 29 g DCW/L, 10% vol./vol.
hexadecane containing 100 mM DBT was added to the bioreactor in runs 1 and 2, respectively.
The concentration of HBP accumulated in oil and water phases was measured (Figures 2-7 and
2-8). From these data, the partition coefficient for HBP between hexadecane and water was
calculated to be 26 ± 4. Note that the maximum amount of HBP accumulated in the oil phase in
either run 1 or 2 was less than 10,000 pM or 10 mM. Comparing this to the initial DBT
concentration in the oil phase of 100 mM shows that DBT was not limiting at any point
throughout the experiments.
The volumetric desulfurization rate from a time ti to a future time t2 was calculated from
the measured HBP concentrations by the following expression:
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VBDS(tl 0t2) - O(CHBPi(t2) - CHBPIi()) +(1 - p)(CHBPwater (2) - CHBP,water () (16)
t2  1
where CBp,oi(t1) and CHBP,oi(t2) are the measured HBP concentrations in the oil phase at times ti
and t2, respectively. CHBP,wateiltI) and CHBp,watert2) are the measured HBP concentrations in the
aqueous phase at times ti and t2, respectively. The mixing speed was maintained at 200 RPM for
the first 2.5 hours immediately after oil addition in both runs, after which the mixing speed was
changed to 500 RPM and maintained at that value thereafter. The increase in mixing speed led
to a significant increase in the volumetric desulfurization rate (VBDS) in both BDS experimental
runs (Figure 2-9). The maximum kinetically limited biodesulfurization rate (Vm) for runs 1 and
2 was calculated to be 252 and 170 pmole DBT/L/h, respectively. Upon increasing the mixing
speed from 200 to 500 RPM, the VBDS increased from 12 and 19% of Vm to 98 and 92 % of
Vm for runs 1 and 2, respectively. This spike in VBDS seems to suggest that the system may
have been severely limited by a mass transport rate at 200 RPM. Since the OTR and MTRDBT
were both shown to be more than sufficient to sustain Vm at either 29 or 35 g DCW/L and
mixing speeds of 200 or 500 RPM, the only other possible mass transport rate that could be
limiting VBDS is the rate of DBT mass transport through the bacterial aggregates (Figure 1-3).
The rate-limiting step in the BDS of DBT in model oil was investigated in depth in Chapter 3 of
this thesis.
The spike in desulfurization rate observed at 2.5 hours could not be maintained in either
run 1 or 2, and the desulfurization rate decreased steadily immediately thereafter (Figure 2-9).
The decreased desulfurization rate in batch BDS process with accumulation of HBP has been
observed before with the same biocatalyst (Schilling et al, 2002). It was suggested that the loss
of biocatalyst activity might be due to solvent exposure, nutritional limitations, and the exposure
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to increasing HBP concentrations (Schilling et al, 2002). The mechanism for decreased
desulfurization rate is investigated in detail in Chapters 4 and 5 of this thesis.
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Figure 2-7. Concentration of HBP accumulated in the oil phase during runs 1 (diamonds)
and 2 (squares) in BDS bioreactor experiments.
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Figure 2-9. Volumetric BDS rate (VBDS) during runs 1 (diamonds) and 2 (squares) in
BDS bioreactor experiments.
2.4 Discussion
The volumetric mass transport coefficient of DBT between water and hexadecane (kwa) was
found to depend on #)0.9 and N2 7 . The power dependence of 2.7 on the mixing speed is similar
to that measured in similar continuous-phase mass transfer systems. These are systems in which
the solute is orders of magnitude less soluble in the continuous phase compared to the dispersed
phase and as a result the mass transport is dominated by the continuous-phase mass transport
coefficient. In particular, the volumetric mass transport coefficient of various continuous-phase
mass transport controlled systems was found to depend on *o3 and N2 4 (Skelland et al, 1981).
43
Solutes tested were heptanoic, nonanoic, and benzoic acids and solvents tested were
chlorobenzene, xylene and benzaldehyde. The values measured by Skelland (1981) were
measured in situ using the fact that the solutes were conductive and the change in the
conductivity of the liquid within the vessel could be measured. Unfortunately DBT is not ionic
and thus its effect on the conductivity of the medium could not be quantified. The dependence of
kwa on the oil fraction in this study was 0.9, which is significantly higher than in previous
studies. It is likely that part of the reason for the higher dependence on oil fraction is due to the
method for measuring kwa. In this study, kwa was measured off-line by taking samples from the
bioreactor, letting the oil and water phases separate, centrifuging the samples to ensure complete
phase separation and then measuring DBT concentration in oil and water. In the other studies
the kwa was measured in-situ via conductivity. In this study the time it took for the oil and water
phases to separate allowed for additional DBT mass transport across the oil-water interface.
Furthermore, it was observed that it took longer for the two phases to separate when the oil
fraction was higher. Therefore, the additional DBT mass transport would have been more
significant for experiments with higher oil fraction. This would explain the larger dependence of
kwa on oil fraction. Due to the larger dependence of kwa on *, the kwa values measured in this
study at *j = 0.10 and 200 RPM were about 3 times larger than the values predicted by Skelland
et al (1981). In contrast, at lower oil fractions of 0.01 and 0.025, the difference between the
measured value of kwa in this study and that from Skelland is only 13 and 16 %, respectively.
Assuming the value of kwa measured in this study at * = 0.10 and 200 RPM overestimated the
actual kwa value by 3 times, the value of MTRDBT would need to be adjusted accordingly. The
adjusted value of MTRDBT at # = 0.10 and 200 RPM would be 480 imole DBT/L/h, which is
still significantly larger than the maximum kinetically limited desulfurization rates in either run 1
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or 2. Therefore, DBT transport between hexadecane and water is not expected to limit the
desulfurization rate of BDS (VBDS) of DBT in model oil.
The oil-to-water DBT mass transport rate was reported to be the rate-limiting step in the
BDS of DBT by Pseudomonas putida CECT5279 in a bioreactor (Boltes et al, 2012). However,
the DBT mass transport coefficient across the oil-water interface (kwa) was not measured in the
absence of biodesulfurization. Instead, the mass transport coefficient of DBT was measured
during the biphasic (oil-water) BDS experiments in the presence of biocatalyst. The value of kwa
was measured from the rate of change of DBT concentration in the oil phase during the biphasic
BDS experiments. The only way that kwa can be measured accurately from these experiments is
if the following assumptions are true:
dCDB1,wat7)
dt
CDBT,water - (18)
r7= 1, (19)
where 11 is the effectiveness factor of the population of cells in aggregates. The effectiveness
factor is defined as the ratio of the actual desulfurization rate by cells in aggregates divided by
the desulfurization rate that the cells in aggregates would have if there were no intra-aggregate
diffusion limitations. Equations 17 and 18 together assume that all the reaction takes place in a
thin aqueous layer around the oil droplets. Equation 19 assumes that there is negligible
biocatalyst aggregation. These assumptions are very restrictive. No evidence was provided to
show that all of these assumptions are applicable during the BDS bioreactor experiments in that
study. Therefore, the DBT mass transport coefficient and DBT oil-water mass transport rate
reported in that study are likely not accurate. As a result, the claim that the DBT oil-water mass
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transport rate is the rate-limiting step cannot be verified from the results reported by Boltes et al,
2012.
Two key phenomena were observed during the bioreactor BDS experiments in this study.
First, it was observed that the desulfurization rate increased sharply upon increasing the mixing
speed in the bioreactor from 200 to 500 RPM (Figure 2-9). This signaled that the BDS system
might be mass transport limited at 200 RPM. The OTR and MTRBDS were shown to not be rate-
limiting under the experimental conditions. This led to the suspicion that diffusion of DBT
within the bacterial aggregates may be the rate-limiting step at 200 RPM. The rate-limiting step
in the BDS of DBT by R. erythropolis IGTS8 in model oil is studied in detail in Chapter 3.
The second key phenomenon observed was the steady decrease in desulfurization rate
after the peak rate was reached shortly after increasing the mixing speed. This observation
indicated that there might be a buildup of an inhibitory compound in the system. Since the final
products of DBT desulfurization are HBP and sulfate, it follows that one of these two
compounds might be responsible for the reduction in desulfurization rate. Reduction in
desulfurization activity due to HBP accumulation in the system has been previously reported
(Schilling et al, 2002). The desulfurization rate was monitored in a system with R. erythropolis
IGTS8 biocatalyst at a concentration of around 48 g DCW/L, oil fraction 0.50 and 19 mM DBT
initially in the hexadecane oil phase (Schilling et al, 2002). The desulfurization rate was shown
to decrease steadily with increasing HBP and the process stopped completely after around 25
hours, when the HBP concentration in the oil phase was 4400 PM. Using the partition
coefficient of HBP between hexadecane and water, the concentration of HBP in the aqueous
phase in that study is predicted to be 170 pM. The total HBP concentration in the system in that
study was calculated to be around 2285 VM from the reported HBP in oil concentration and the
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predicted aqueous phase concentration. In this study, the desulfurization rate using the same
biocatalyst but at a lower cell density of 29-35 g DCW/L stopped after around 30 hours (Figure
10). Furthermore, the final oil, aqueous and total HBP concentrations were around 9000, 300
and 1200 pM, respectively (Figures 2-7 and 2-8). It was shown that the volumetric
desulfurization rate (VBDS) is dependent on the cell density in the aqueous phase (equation 1).
The likely reason for the lower total HBP concentration produced in this study is the lower cell
density in this study. The results from this and other studies suggest that accumulation of HBP
during the BDS process negatively affects the desulfurization rate. However, the exact
mechanism for how HBP leads to reduction in desulfurization rate has not been explained.
Investigating the mechanism for reduction of desulfurization rate is one of the major objectives
of this thesis and is investigated in Chapters 4 and 5.
2.5 Conclusions
The microbial desulfurization of DBT in model oil by R. erythropolis IGTS8 was
characterized in a 7 L bioreactor. The biocatalyst was grown to a high cell density of 29-35 g
DCW/L by intermittent addition of key nutrients (glucose, ammonia and sulfate). The specific
desulfurization rate of the biocatalyst was stable at 7.2 ± 1.0 pmole DBT/g DCW/h from 45-100
hours during growth in the bioreactor. The volumetric DBT oil-to-water mass transport
coefficient (kwa) was measured in the absence of biocatalyst at oil fractions (*) from 0.003-0.10
and mixing speeds (N) of 200-400 RPM. The value of kwa was found to depend on *O.9 and N2 .
The volumetric oxygen transfer coefficient (kLa) was measured by the dynamic method in the
presence of growing biocatalyst at 900 RPM, airflow rate of 4 L/min, and 30*C. The value of
kLa was measured to be 0.03 s1 under those conditions. The oxygen transfer rate (OTR) and
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DBT oil-water mass transport rate (MTRBDS) were shown to be enough to sustain the maximum
kinetically possible biodesulfurization rate (Vma). Two key phenomena were observed during
the BDS bioreactor experiments. First, the volumetric desulfurization rate (VBDS) was seen to
increase sharply when the mixing speed was shifted from 200 to 500 RPM. This observation
suggested that the BDS process may be severely mass transport limited at 200 RPM. Since the
OTR and MTRBDS were excluded as limiting transport steps, the mass transport of DBT within
bacterial aggregates was proposed as the possible rate-limiting step. The second key
phenomenon was that the VBDs decreased steadily with increasing total HBP concentration. The
two key phenomena identified in this chapter served to guide the future direction of this thesis.
Chapter 3 focuses on explaining the first phenomenon observed, while Chapters 4 and 5 address
the second key phenomenon.
2.6 Nomenclature
C02 - dissolved oxygen concentration (mg/L)
CDBT - DBT concentration (pM)
CHBP - HBP concentration (pM)
Dt - bioreactor tank diameter (cm)
Di - diameter of impeller in bioreactor (cm)
Hi - height of bioreactor impeller (cm)
kwa - volumetric DBT oil-water mass transport coefficient (s-1)
kLa - volumetric gas-liquid oxygen transport coefficient (s~)
me, - DBT oil-water partition coefficient
N - agitation/mixing speed (revolutions/min)
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OTR - oxygen transfer rate (imole O2/L/h)
OUR - oxygen uptake rate (Vmole 0 2/L/h)
q02 - specific 02 consumption rate by biocatalyst (pmole O2/g DCW/h)
RBDS - cell-specific BDS rate (pmole DBT/g DCW/h)
Rm - maximum cell-specific desulfurization rate (pmole DBT/g DCW/h)
VBDS - volumetric BDS rate (pmole DBT/Ltotal/h)
Vonj - volume of oil in the bioreactor (L)
Vtotal - total volume in system (L)
Vwater - volume of aqueous phase in bioreactor (L)
X - cell density in aqueous phase (g DCW/Later)
< - oil fraction
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CHAPTER 3
Rate-limiting step analysis of the microbial desulfurization
of dibenzothiophene in a model oil system
Abstract
A mechanistic analysis of the various mass transport and kinetic steps in the microbial
desulfurization (BDS) of dibenzothiophene (DBT) by Rhodococcus erythropolis IGTS8 in a
model oil, small-scale system was performed. The power input per volume (P/V) was identified
as the key operating parameter in determining whether the system is mass transport controlled or
kinetically controlled. Experimental results at both the 100 mL and 4L (bioreactor) scales
showed that agitation above approximately 10,000 W/ m3 is sufficient to overcome the major
mass transport limitation in the system, which was the diffusion of DBT within the biocatalyst
aggregates. Biocatalyst aggregation becomes increasingly significant at higher cell densities.
Correlations for the key dynamic parameters in the BDS process obtained from data in the small-
scale system were developed to predict BDS productivity in an industrial-scale reactor. The
operating space encompassed by oil fractions ranging from 0.25 to 0.50 and P/V ranging from
7,000 to 10,000W/m3 led to the highest BDS productivity of 27.4 barrels desulfurized/barrel oil
equivalent (BOE), where BOE is a unit of energy that equals 6.1 GJ.
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3.1 Introduction
There are only a few reports that have compared the various mechanistic steps in the
BDS process. Jia et al (2004) investigated the BDS of DBT by resting cells of Gordonia sp.
WQ-01 at cell densities from 10-30 g DCW/L, oil fractions of 0.15-0.25 and DBT concentrations
of 1-10 mM in oil. They concluded that the BDS process experiences a transition in rate-limiting
step from bioconversion to mass transfer resistance. This conclusion was based on a model that
took into account oil-to-water mass transport of DBT and bioconversion of DBT to HBP in the
water phase only. However, this analysis neglected several points. First, it was assumed that no
DBT bioconversion could take place at the oil-water interface. This was assumed despite the
fact that Gordonia sp. WQ-01 has a hydrophobic cell wall. Gordonia is also gram-positive and
associates well with walls of glass flasks. These are behaviors that are shared with Rhodococcus
and other genera that are able to adhere to an oil-water interface. Therefore, there is reason to
believe that Gordonia may be able to access DBT at such interfaces. Second, the oil-to-water
mass transfer coefficient (kwa) of DBT was not measured in the absence of cells. Instead, kwa
was determined from a correlation obtained from mass transfer experiments of different solutes
between different liquid phases than those present in the BDS process. Third, the mean oil drop
size (d 3 2 ,oil) was not measured in the presence of cells. Instead, d3 2 ,on was determined from a
correlation for oil drop size from the literature that applies only to two-liquid-phase systems in
the absence of cells. As a result, the oil drop size used in this model (295-354 pm) is likely
much greater than what was actually present in the BDS experiments. This is due to the ability
of hydrophobic gram-positive cells such as Gordonia and Rhodococcus to stabilize oil-water
dispersions.
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The oil-to-water DBT mass transport rate during the BDS of DBT in a biphasic (oil-
water) system in a bioreactor using Pseudomonas putida CECT5279 as the biocatalyst was
shown to be the rate-limiting step (Boltes et al, 2012). Unlike R. erythropolis, P. putida is gram-
negative, does not have a hydrophobic cell wall and is not known to adhere to hydrocarbons.
Therefore, P. putida is not expected to form an oil-water emulsion during biphasic BDS
experiments. As a result, the oil droplet size should be significantly larger when P. putida is the
biocatalyst relative to R. erythropolis.
Marcelis et al (2003) developed a mathematical model in order to describe the mass
transport rate of DBT within the oil droplet to the oil-water interface of droplets created in a
stirred tank reactor. Based on the model calculations, the mass transfer rate of DBT within the oil
droplet to the oil-water interface was estimated to be 10 to 104 fold greater than the
experimentally determined DBT bioconversion rates. However, the mass transport correlations
and oil drop size correlations did not take into account the presence of cells in the system.
In summary, the literature on determining the rate-limiting step in BDS in the presence of
the most common, gram-positive, hydrophobic biocatalysts is sparse. Most publications attempt
to characterize the mass transport and kinetic steps in the process using correlations that were
developed in the absence of cells. Moreover, there are, to our knowledge, no reports that address
the cells ability to aggregate, which is a behavior shared by many gram-positive strains at high
cell density. Therefore, there is a need for a thorough, self-contained analysis of the BDS
process. This analysis should characterize the different mechanistic steps experimentally and use
mechanistic models that take into account all phenomena that arise in a three-phase BDS
process.
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In this chapter, the focus will be on developing a mechanistic understanding of the model
system of DBT dissolved in hexadecane treated with an aqueous cell suspension of R.
erythropolis IGTS8. There are two main objectives in this work. The first objective is to
determine the rate-limiting step in the BDS process in a small-scale system. The second
objective is to predict an operating space for an industrial-sized BDS reactor and to develop an
upper bound estimate for the BDS productivity at that scale.
3.2 Materials and Methods
3.2.1 Bacterial strains, media and chemicals.
The DBT-desulfurizing strain used in this study was Rhodococcus erythropolis IGTS8
ATCC@ 53968m, purchased from the American Type Culture Collection (USA). The defined
minimal medium (MM) for cultivation of R. erythropolis IGTS8 contained (per liter of deionized
water): glucose 30.0 g, NH 4Cl 3.0 g, K2HPO4.3H20 6.75 g, NaH 2PO4.H20 2.25 g, MgCl 2 0.245
g, FeCl3 4 mg, CaCl2 4 mg, Na2 SO 4 0.14 g, ZnC12 32 mg, MnCl 2.4H20 1 mg, CuCl2 .2H 20 5 mg,
Co(N0 3)2.6H 20 0.7 mg, Na2B40 7 .10H 20 0.7 mg, (NH4)6Mo 70 24 .4H20 1 mg, EDTA 12 mg.
Cryogenic stocks were prepared by addition of 15% (vol./vol.) glycerol (final concentration) to
mid-log growth phase cultures in MM, which were maintained at -80*C for long term storage.
Media components were obtained from VWR International (USA). All other chemicals were
obtained from Sigma-Aldrich (USA).
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3.2.2 Resting cells preparation.
R. erythropolis IGTS8 cultures were grown in 400 mL of MM in a 2L shake flask for a
period of 40-48 hours during which the cell density increased from approximately 0.03 g
DCW/L to 3 g DCW/L. Cultures were centrifuged at 5000 RPM and 4'C for 15 min and spent
media was discarded. Biocatalyst pellets were resuspended to a final cell density of 15.5 g
DCW/L (unless otherwise stated) in 5 g/L glucose and 20 mM phosphate buffer pH 7.0.
3.2.3 Analytical methods.
DBT and HBP concentrations in the aqueous and oil phases were quantified via HPLC
(Gold 168 series Beckman-Coulter, USA) equipped with a diode array detector. External
standards provided calibration. Analyte separation was achieved on a Zorbax@ SB-C 18
reversed-phase column (Agilent Technologies, USA) with a mobile phase of 50/50 (vol/vol)
acetonitrile/water at a flow rate of 1 mL/min. Column temperature was set to 60*C.
3.2.4 Image analysis method.
Fractions of cells in each of the three cell populations were estimated using the free open-
source software CellProfiler (Carpenter et al., 2006). The protocol for identifying and
quantifying cells in the three populations is as follows:
1. Original images are converted from RGB color images to black and white 8-bit
images.
2. Free cells are identified and counted by setting a light intensity threshold of 0.10
(anything below 0.10 is discarded as background) and a size threshold of 1-10 pixels
(0.5-5 gm).
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3. Clumps of cells (including oil-adhered cells and cells in aggregates) are identified
and counted by setting a light intensity threshold of 0.10 (anything below 0.10 is
discarded as background) and a minimum size threshold of 10 pixels (5 Pm).
4. The clumps of cells that are oil-adhered and the clumps that are cells in
aggregates are manually identified.
5. Statistical properties including area covered by the different populations, size of
individual cells and size of aggregates are calculated by the software.
3.2.5 Determination of DBT mass transfer rate from oil to water in the absence of cells.
The mass transfer rate of DBT between hexadecane and water was measured in a small-
scale system. This system consisted of a 400 mL, 3 inch diameter beaker maintained at 30*C in
a constant temperature water bath. The 150 mL working volume within the beaker was stirred
with an overhead Heidendolph@ mixer. A 4-blade, 1.75 inch diameter impeller was used for
mixing. First, a volume of 112.5-142.5 mL water (amount varied as a function of the water
fraction in the experiment) was added to the beaker and raised to 30*C. Next, DBT was added to
the water to a concentration of 5 pM from a 100 mM stock solution in ethanol. Next, impeller
agitation was initiated followed by addition of 7.5-37.5 mL hexadecane (amount added varied as
a function of the oil fraction in the experiment). Immediately after hexadecane addition, samples
were removed from the beaker at given time intervals with a pipette. Typical sampling times
were 10, 20, 30, 60, 120, 240, 300 and 600 seconds. Samples taken at each time point were
allowed to phase separate in a 6 mL glass tube. This phase separation took 10-20 seconds.
Immediately after the oil and water phases separated, a sample from the oil phase was removed
for further analysis. The concentration of DBT in hexadecane was measured with a plate reader
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at an absorbance of 285 nm and the concentration of DBT in water calculated from a DBT mass
balance (Equation 3). The equations for DBT mass transport across the oil-water interface are:
dCDBToil w kA * CB
dt mp (CDBT,oil C DBT ,oil 
( 
dCDBT,water kwa
dt mow(1 - p)(CDBT,oil DBT(2oi)
dCDBToil + dCDBT,water
dt + 0 dt ,
where k, is the water-side DBT mass transport coefficient (the oil-side DBT mass transport
coefficient is insignificant because m,>>1), a is the oil-water interfacial area per unit volume, *
is the oil fraction, mow is the oil-water DBT partition coefficient, CDBT,il is the concentration of
DBT in the oil phase, CDBT,water is the concentration of DBT in the water phase and C*DBToil =
CDBT,watermow is the concentration of DBT in the oil phase that would be in equilibrium with the
actual DBT concentration in the water phase. For each experimental run, the best-fit value of
kwa was obtained by first using the function ode15s in MATLAB@ to generate various solutions
to the differential equations (equations 1 and 2) for various values of kwa. Next, the least-squares
best-fit kwa value was obtained using the non-linear fitting function nlinfit in MATLAB@. The
volumetric mass transport coefficient (kwa) was modeled over a range of oil fraction (4)) and
mixing speeds (N) by a power law expression, the parameters of which were estimated via least-
squares regression.
3.2.6 Aqueous-phase-only DBT desulfurization experiments.
All aqueous-phase-only experiments were incubated at 30*C and 250 RPM in a rotary
shaker. In the first set of experiments, resting-cell suspensions of 5 mL at a cell density of 1.5 g
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DCW/L were incubated with 200 VM DBT for one hour to measure the maximal specific
desulfurization rate (Rm.). The cell density of 1.5 g DCW/L was chosen to avoid biocatalyst
aggregation. In another set of experiments, resting-cell suspensions of 10 mL at a cell density of
0.05 g DCW/L were incubated with DBT 10 minutes to measure the initial rate of DBT
desulfurization. The DBT concentrations tested were 0.1, 0.25, 0.5, 1 and 3 pM. The resulting
initial rate vs. DBT concentration data allowed one to estimate the Michaelis constant (Km) for
the desulfurization of DBT by whole cells of R erythropolis IGTS8 in the aqueous phase only.
In another set of experiments, resting-cell suspensions of 20 mL at a cell density of 15.5 g
DCW/L were incubated with 1 mM DBT for 20 hours. One mL samples were removed
throughout the 20-hour time interval to measure the effect of HBP buildup in the aqueous
medium on the DBT desulfurization rate.
3.2.7 Three-phase biodesulfurization (BDS) experiments.
The small-scale system used for these experiments was the same as described in section
3.2.5. First, resting-cell suspensions of 75 mL at a cell density of 15.5 g DCW/L were stirred at
1000 RPM at 30*C for 15 minutes. This was done to break up aggregates formed during resting-
cell preparation. After the 15-minute period, the maximal specific desulfurization rate (R.,)
was measured as described in section 3.2.6. Next, impeller agitation was adjusted to the
experimental value (500, 800 or 1000 RPM). Then a 25 mL hexadecane solution containing 10
mM DBT was added. The experiment was stopped one hour after oil addition. One mL samples
taken initially and one hour after oil addition were neutralized by addition of 1% concentrated
hydrochloric acid solution. After measuring DBT and HBP concentrations at the start and the
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end of experiment, the total cell-specific desulfurization rate (Rtoti) was determined by the
following relationship:
(CHBP,wateri ( - + CHBP,oil t1()
X(i 
-
(t,where tf is the one-hour length of the experiments, CHBP waterltf is the HBP concentration in water
at tf, CHBp oiltf is the HBP concentration in hexadecane at tf, and X is the cell density.
Samples of 5 pL were also taken for examination and imaging using a Canon PowerShot SX260
camera under light microscope. Images were taken at 30 and 60 minutes after oil addition to
estimate the fraction of biocatalyst in each population and the mean aggregate size.
3.3 Modeling
Visual examination of samples from three-phase BDS experiments allowed the
identification of three different biocatalyst populations: free cells in aqueous phase, cells adhered
to oil-droplets and cells that formed aggregates. Therefore, it was inferred that Rtota could be
expressed by the following relationship:
Rol = ff,,Rf,,,, + foRi + faggRagg (5)
where Rfree is the cell-specific desulfurization rate of free cells in aqueous phase and ffre is the
fraction of free cells in aqueous phase. Roil, foi, Ragg, fagg are defined in the same manner for the
other two biocatalyst populations. The values of Roil and Rfae were determined to be equal to
Rmax for two reasons. First, the measured DBT concentrations in the water phase were such that
zero-order kinetics could be assumed (Table 3-1). Second, the measured HBP concentrations in
the water phase in the three-phase BDS experiments were all under 10 pM (Table 3-1). At these
HBP concentrations, there is no reduction in biocatalyst activity due to HBP accumulation, as
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was subsequently shown (Figure 3-3). The specific desulfurization rate of cells in aggregates
(Ragg) was determined by the following relationship:
Rgg = Rm (6)
where 1 is the effectiveness factor, which is defined as the ratio of the actual rate of
desulfurization to the rate of desulfurization if there was no intra-aggregate diffusion limitation.
Rearranging the previous equation allows one to solve for i:
Rt,,, IRmax - ff,, - foil (7)
fags
The effectiveness factor for spherical aggregates and zero-order kinetics (CDBT,water Km in all
experiments) is determined from the following relationship (Shuler and Kargi, 2002):
6 DCDBTwta (8X/(1 - p)fggRm (dgg /2)2)3/2
where De is the effective diffusivity within the aggregates, and d32,agg is the Sauter mean
aggregate diameter. Three-phase BDS experiments provided a data pair of (d 32,agg, T) values for
each mixing speed studied. The model equation for il as a function of d32,agg was fit to the
(d32,agg, ') data set using the non-linear fitting function nlinfit in MATLAB@ to obtain least-
squares best-fit value of the parameter De.
3.4 Results
3.4.1 DBT mass transfer rate between hexadecane and water in absence of cells.
The volumetric mass transfer coefficient of DBT between oil and water (kwa) was
determined at oil fractions ranging from 0.05-0.25 and mixing speeds ranging from 300-500
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RPM. It was found that kwa increases monotonically with both oil fraction, <b, and mixing speed,
N, as expressed in the relationship (Figure 3-1):
ka = 9.6 x 10-9(o)0.2 (N) 24
The power coefficients of 0.2 and 2.4 for the oil fraction and the mixing speed are very similar to
previously reported coefficients for similar systems (Skelland et al, 1981).
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Figure 3-1. Volumetric mass transport coefficient (kwa) for the oil-to-water mass transport of
DBT from hexadecane to water at (A) mixing speeds from 300-500 RPM and (B) oil fractions
from 0.05 to 0.25. Experiments were done in the small-scale system. Solid and dashed lines
are model predictions from equation 9.
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3.4.2 Determining the K. for DBT desulfurization by R. erythropolis IGTS8.
The initial rate of DBT desulfurization by R. erythropolis IGTS8 cells at a density of 0.05
g DCW/L was measured. The DBT concentration ranged from 100 to 3000 nM. The
desulfurization rate was found to be approximately constant for all the DBT concentrations
tested (Figure 3-2). Due to the limit of detection of HPLC, the desulfurization rate could not be
measured for DBT concentrations smaller than 100 nM. As a result, the Michaelis-Menten (or
any other) model could not be precisely fit to the measured data. Instead, the Michaelis-Menten
parameters were estimated. The value of kcat = 13.2 ± 1.6 pmole DBT/g DCW/h was calculated
from the average of all initial desulfurization rates measured at the different DBT concentrations.
The Michaelis constant (Km) estimate of 10 nM was obtained by manually varying the Km value
until the initial desulfurization rate predicted by the model was 0.90 of the maximum at a DBT
concentration of 100 nM. An oil-phase based Km value for the desulfurization of DBT by R
erythropolis KA2-5-1 in a tetradecane:aqueous system was reported to be 0.55 mM (Kobayashi
et al, 2001). This value of Km was converted to an aqueous-phase concentration using the
partition coefficient of DBT between tetradecane and water. This conversion leads to a value of
Km= 26 nM, which is of the same order as the value estimated here.
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Figure 3-2. Initial DBT desulfurization rate data (diamonds) and Michaelis-Menten fit (line)
forR. erythropolis IGTS8 cells in aqueous-phase-only system with a cell density of 0.05 g
DCW/L. The line plotted corresponds to values of kcat of 13.2 ± 1.6 Pmole DBT/g DCW/h and
Km of 10 nM.
3.4.3 Effect of HBP accumulation on desulfurization rate in aqueous-phase-only BDS
experiments.
The cell-specific DBT desulfurization rate (Rttal) by resting cells in an aqueous-phase-
only system at a cell density of 15.5 g DCW/L and an initial DBT concentration of 1 mM was
monitored over time. Rtotal was found to decrease as HBP accumulated in the aqueous media
(Figure 3-3), which is consistent with previous reports (Caro et al, 2008 and Chen et al, 2008).
As cells converted DBT to HBP, initial amounts of HBP generated below 10 VM seemed to have
no effect on the desulfurization rate. Additional HBP buildup in the aqueous medium above 10
VM and below 40 pM seemed to lead to significant reduction in desulfurization rates (Figure 3-
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3). Above 40 pM, HBP accumulation did not further reduce the desulfurization rate. The
concentration of HBP at which the desulfurization rate decreased to 50% of its maximum value
(ICso) was approximately 26 pM, which agrees well with a previous estimate of 25-40 VM (Caro
et al, 2008). Due to the various regimes (two plateaus and one sharp drop) in the desulfurization
rate as a function of HBP concentration, a sigmoid curve (Generalized logistic equation or
Richards' curve) was chosen to best fit the data:
Rt = 1
0.9
(1 + exp(-0. 15* (CHBP- 20)))
(10)
1.2
1
0.8 ODt
- Richards curve fit
0.4 -
0.2 -
0 20 40 60 80 100
HBP (uM)
Figure 3-3. Desulfurization rate by a 15.5 g DCW/L resting cell suspension as a function of
HBP accumulated in the aqueous media. Initial DBT concentration was 1 mM. No HBP was
added exogenously. Diamonds represents data and the model fit corresponding to equation 10 is
shown by the line. Error bars are standard deviation for n =2 replicates.
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3.4.4 Estimating the fraction of cells in each biocatalyst population.
Images taken from resting cell suspensions of cell densities of 3.1, 6.2 and 15.5 g DCW/L
were analyzed using CellProfiler to obtain the total area coverage by all cells. The total area was
found to increase monotonically with cell density (Figure 3-4A). Images taken from a resting
cell suspension of 15.5 g DCW/L stirred at mixing speeds ranging from 200-1000 RPM were
also analyzed using CellProfiler (Figure 3-4B). The mean aggregate diameter (d32,agg) was found
to decrease significantly with increasing mixing speed: 189, 105, 33, 32 and 29 pm for mixing
speeds of 200, 350, 500, 800 and 1000 RPM, respectively. Moreover, the fraction of cells in
aggregates (fagg) was also found to be strongly dependent on the mixing speed; fagg decreased
from 0.90 at 200 RPM to 0.29 at 1000 RPM. Despite the strong dependence of the mean
aggregate size and fraction of cells in aggregates on the mixing speed, the total area was not
affected by mixing speed (Figure 3-4B). From this finding, we conclude that the total area
covered by the cells is only dependent on the cell density and is not dependent on the distribution
of cells in the different populations. As a result, we estimate the fraction of cells in a population
to be proportional to the area covered by the cells in that population.
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Figure 3-4. (A) - Total area covered by the cells at three different cell densities in aqueous-phase
only system was measured using CellProfiler. (B) - Cells at a density of 15.5 g DCW/L were
agitated at 200 to 1000 RPM, which led to decreasing mean aggregate sizes (right to left along
the x-axis). Fraction of cell in aggregates (squares) and total area covered by cells (diamonds)
were also measured.
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3.4.5 Oil-to-water DBT mass transport rate was not the rate-limiting step in the small-scale
system under the conditions studied.
The mass transport coefficient in the presence of cells (kwa)cens was determined from the
following relationship:
(k~a) = (k~a) d32,od,no cells
d32,oil~cefls
where (kwa)n cells is the mass transport coefficient in the absence of cells (equation 9). d32,ol-no-
celis is the Sauter mean oil droplet diameter in the absence of cells. d32,oi-with-cels is the Sauter
mean oil droplet diameter in the presence of cells, which was measured via CellProfiler. The
value of d32,or-no-cens was estimated from the following relationship (Coulaloglou et al, 1976):
d32,oa-no-cu' =0.066(1+ 4.27#)We-0 6  (12)
D.
where Di is the impeller diameter, <b is the oil fraction, and We is the Weber number, which is
given by the relationship:
We = pN2D 3o (13)
where p is the density of water, a is the interfacial tension between hexadecane and water and N
is the impelled speed. This correlation for d32,oi-no-cens was chosen because the equipment
dimensions, physical properties of liquids, oil fraction and mixing speed of the systems studied
to develop this correlation were very similar to those studied in the current work (Coulaloglou et
al, 1976).
The mass transport rate of DBT across the oil-water interface in the presence of cells was
estimated from the relationship:
MTR, = "(ka)" (Cnr,oil - MowCDBTwater)
ow
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The volumetric desulfurization rate (Vtoeta) was determined from the value of Rtot according to
the following relationship:
Vota = R10,1,X(1 - 0) (15)
The calculated DBT oil-water mass transport rate (MTReens) was found to be significantly greater
than the measured volumetric desulfurization rate (Vtotai) at all of the different mixing speeds
investigated (Table 3-1). Furthermore, the DBT concentration in the water phase was non-zero
and was close to 0.5 M, the value in equilibrium with the oil phase (Table 3-1). The DBT
concentration in the water phase would be expected to be zero if the oil-water DBT mass
transport rate were significantly slower than the volumetric desulfurization rate. These findings
led us to conclude that the oil-to-water DBT mass transport rate was not the rate-limiting step in
the small-scale system under the conditions investigated.
Table 3-1 Comparison of DBT oil-to-water mass transport rate and the measured BDS rate in the small-scale system
at cell density of 15.5 g DCW/L, oil fraction of 0.25 and initial DBT in oil concentration of 10 mM
RPM MTReja Viota C (PM) C (PM)
(umole DBT/L/h)a (smole HBP/L/h)b DBT,water HBPwate
500 89 24 0.30 ±0.03 2.0 ±0.1
800 206 51 0.32 ±0.08 4.5 ±0.1
1000 586 128 0.46 ±0.12 7.5 ±0.6
a Oil-water DBT mass transport rate in presence of biocatalyst
b Volumetric BDS rate measured
3.4.6 Effect of mixing speed on the total specific desulfurization rate in small-scale system.
Increased mixing speed led to significant decrease in aggregate size (Figure 3-5A). This
in turn led to a significantly higher effectiveness factor (ij) with increasing mixing speed (Figure
3-5A). As a result, even though the fraction of cells in aggregates (fagg) decreased significantly
with mixing speed (Figure 3-5B), the contribution to the total desulfurization rate by cells in
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aggregates (Raggfagg = Rmaxnfagg) increased significantly (Figure 3-5C). Moreover, the increase in
both face and for1 with mixing speed (Figure 3-5B) led to an increased contribution by free cells
and oil-adhered cells (Figure 3-5C). As a result, the total cell-specific desulfurization rate (Rtow)
and the contribution to Rto by each population (Rceffre, Raggfagg, Rouifoni) increased with mixing
speed (Figure 3-5C).
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Figure 3-5. Small-scale, three-phase BDS experiments at a cell density of 15.5 g DCW/L, oil
fraction 0.25, initial DBT in oil of 10 mM and mixing speeds of 500, 800 and 1000 RPM. (A) -
Effect of mixing speed on Sauter mean aggregate size (d32,agg; open diamonds) and on
effectiveness factor (filled squares); (B) - Effect of mixing speed on the fraction of cells in each
biocatalyst population: free cells (open diamonds), oil-adhered cells (filled squares), cells in
aggregates (filled triangles); (C) - Increasing mixing speed led to a clear increase in the
contribution to total specific desulfurization rate by cells in all three populations: free cells
(black), oil-adhered cells (gray), aggregate cells (white).
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3.4.7 Rate-limiting step in small-scale system.
The critical parameter that determines the mass transport rates in the system is the power
input per unit volume (P/V), a commonly-used scale-up parameter, which is given by:
P/V = pNDN 3  (16)
where p is the density of the medium, Np is the power number, N is the mixing speed and Di is
the impeller diameter. The rate-limiting step in the system will be the lowest of the three rates:
oil-water DBT mass transport, diffusion within the aggregates and kinetic conversion of DBT to
HBP by the biocatalyst. By plotting the expressions derived from the small-scale experiments
for MTRcens, Vtotal and Vx against P/V, the regimes under which each rate is limiting were
identified (Figure 3-6). Below a mixing speed of 200 RPM (P/V = 100 W/m 3), the oil and water
phases did not mix well enough to form a dispersion (separate oil and water layers were
observable) and as a result the oil-to-water mass transport rate was limiting (Figure 3-6).
Between 200 and 1100 RPM (100 and 15,000 W/m3) the rate-limiting step is the diffusion of
DBT through the bacterial aggregates. Above 1100 RPM (15,000 W/m3), the rate-limiting step
is the biocatalyst's kinetic rate for DBT conversion to HBP.
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Figure 3-6. Rate-limiting step analysis in the three-phase BDS experiments at the small-scale
system as a function of power input per volume (P/V) in the system. Va (solid line) was
calculated as RaX. Vttal (dotted line) was calculated from equation 15. MTReiis (dashed line)
was calculated from equation 14.
3.4.8 Validating BDS rate predictive capability.
Correlations for the dependence of key dynamic parameters (kwa, fagg, and d32,agg) on key
operating parameters (PlV, X, <b) were developed based on the data in the small-scale system.
These correlations were:
kwa =1.35 x 10-4(P/V) 0 .2 (17)
f, (-3.6 x 1014(p /V)3 + 3.4 x 10-9(P /V) 2 -39.9 x 10-5(P /V) + 0.94)(X/XO) 4  (18)
d32. =2100(P/V)-42(X/X) (19)
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Equation 17 is the same as equation 9 except that N has been replaced with P/V through the use
of equation 16. Equations 18 and 19 were developed by analyzing images taken from cell
suspensions of different cell densities at different mixing speeds (see Appendix Al). These
correlations were used to calculate the predicted value of Vtotal in a 4L bioreactor (see Appendix
A2). The cell density in the bioreactor experiments was 35 g DCW/L and the oil fraction was
0.10. The ratio of the actual volumetric BDS rate (Vtotal) to the maximum possible BDS rate
possible with no mass transport limitations (Vm) was measured at two different mixing speeds.
At 200 and 500 RPM (P/V approximately 700 and 11,000 W/m3), the ratio Vttai/V was
measured to be 0.10 0.02 and 0.99 ± 0.05, respectively. The predicted values of the ratio
Vtotal/Vmax at the two different mixing speeds were 0.24 ± 0.07 and 0.96 ± 0.07. The predicted
value of VtotW/ma at 200 RPM of 0.24 is significantly larger than the measured value of 0.10. It
is likely that the fraction of cells in aggregates (fagg) and/or the aggregate size (d32,agg) at 200
RPM in the bioreactor experiments were significantly larger than what they were predicted to be
based on the correlations developed in the small-scale system. A higher fag and/or d32,agg in the
bioreactor experiments at 200 RPM would lead to a lower value of Vtota/V as was measured.
Note that the predicted value of VttaI/a at 500 RPM is much closer to the measured value.
The average deviation in (VttaVmax) between measured and predicted values is 0.06 ± 0.06.
Despite the significant deviation between measured and predicted values of VttaiN at low
mixing speeds (200 RPM), the correlations for predicting the BDS rate upon scale-up are
appropriate for the order-of-magnitude analysis that is intended in this work. In order to achieve
more accurate correlations for scale-up, further experiments at the bioreactor scale are needed.
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3.4.9 Predicting operating space and BDS productivity upon scale-up.
The correlations for the dependence of the key dynamic parameters (kwa, d3 2 ,agg, fagg) on
P/V, *, and X that were validated at the 4L scale were used to predict the BDS rate upon scale-
up to an industrial size reactor. The values of the parameters used were: De = 3.35x10 1 2 m2/s
(obtained from experiments in small-scale system), Rm = 10 pmole HBP/g DCW/h (typical for
R erythropolis IGTS8), CDBT, oil = 10 mM (Hua et al, 2004), m., = 21000 (Jia et al, 2006), pc =
1000 kg/m3 (water density at 300C), Pd = 770 kg/m3 (crude oil density at 30'C), X = 35 g
DCW/Ltotal (a typical high-cell density in biocatalyst transformations), Np = 3 (power number for
a Rushton 6-blade disk turbine, 3 impellers). The input variables simulated were the power input
per unit volume (from 500 to 100,000 W/m 3) and the oil fraction (* = 0.2 - 0.8).
In order to overcome mass transport limitations (both oil-to-water DBT mass transport
and intra-aggregate DBT mass transport) upon scale-up, the system must operate at P/V of over
15,000 to 20,000 W/m3 to ensure that the kinetic limit is reached (Figure 3-7).
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Power input per Yvolume (wim)
Figure 3-7. Effect of PN and oil fraction on the ratio VietoNa for an industrial-scale reactor at
a fixed cell density of 35 g DCW/Ltota, Cdbt,on = 10 mM, Rmax = 10 umol HBP/ g DCW/h. To
avoid mass transport limitations, the system must be operated at PN greater than 15,000 - 20,000
W/m3 (plateau region).
The economics of BDS upon scale-up were estimated by calculating the BDS
productivity, which is defined in the current work by the following expression (see Appendix
A3):
BIDS productivity =- Barrels oil desulfurized (20)
1 Barrel Oil Equivalent,
where 1 barrel oil equivalent (BOE) is a unit of energy that equals 6.117 Gigajoules. The
optimal BDS productivity is predicted to be - 27.4 barrels desulfurized/BOE and the optimal
operating space to achieve this BDS productivity is at oil fractions ranging from 0.25-0.50 and
PN from 7000 to 10,000 W/m3 (Figure 3-8). These BDS productivity calculations assume that
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the BDS rate reported here could be maintained until all 10 mM DBT in oil were consumed.
However, HBP accumulation has been shown to reduce the desulfurization rate (Figure 3-3 in
this work; Caro et al, 2008 and Chen et al, 2009). Therefore, maintaining a constant BDS rate
with the currently available biocatalysts is not feasible.
Figure 3-8. Optimal operating window for an industrial-scale BDS reactor. The optimal
operating window is from oil fractions of 0.25-0.50 and P/V ranging from 7000-10,000 W/m3 .
In this operating window, the BDS productivity reaches a peak of 27.4 barrels of oil
desulfurized/BOE.
3.5 Discussion
The volumetric mass transport coefficient of DBT between water and hexadecane was found to
depend on <b.2 and N2 .4. The power dependence of 0.2 and 2.4 on the oil fraction and mixing
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speed, respectively, is similar to power dependence measured in similar continuous-phase mass
transfer systems. These are systems in which the solute is orders of magnitude less soluble in the
continuous phase compared to the dispersed phase. As a result, the mass transport is dominated
by the continuous-phase mass transport coefficient in these systems. In particular, the
volumetric mass transport coefficient of various continuous-phase mass transport controlled
systems was found to depend on <bu- and N2 4 (Skelland et al, 1981). Solutes tested were
heptanoic, nonanoic, and benzoic acids and solvents tested were chlorobenzene, xylene and
benzaldehyde. The values reported by Skelland (1981) were measured in situ based on the fact
that the solutes were conductive. The change in the conductivity of the liquid within the vessel
could be measured over time. Unfortunately DBT is not ionic and thus its effect on the
conductivity of the media could not be quantified. However, the kwa values measured for DBT
transport between hexadecane and water in this work were on average within 25% of the values
predicted by Skelland's correlation. This shows that off-line measurement of kwa is relatively
accurate and satisfactory for the purpose of this work.
The accumulation of HBP in the aqueous phase was found to be inhibitory to DBT
desulfurization rate with an IC 5o = 26 pM. Despite the negative effects due to HBP
accumulation, the concentration of HBP in the water phase in the three-phase BDS experiments
was less than 10 pM (Table 3-1). At these concentrations, the desulfurization rate of the
biocatalyst is not affected (Figure 3-3).
Three-phase BDS experiments in a small-scale system were analyzed. These
experiments consisted of R. erythropolis IGTS8 resting cell suspensions mixed with hexadecane
containing 10 mM DBT at an oil fraction of 0.25. It was shown that the rate-limiting step in the
system depends on the power input per volume provided by means of agitation. It was
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determined that a higher fraction of the biocatalyst has access to DBT at increasing mixing
speeds due to decreased aggregate size, lower fraction of cells in aggregates and higher fraction
of free and oil-adhered cells (Figure 3-5). The total desulfurization rate increased as a result of
the higher fraction of biocatalyst with access to substrate. The analysis performed in this work is
the first to incorporate all the major phenomena observed during BDS of DBT in an oil-water
system. Previous reports have not incorporated the biocatalyst's ability to exist in three different
populations: free cells in aqueous suspension, oil-adhered cells and cells in aggregates in the
bulk aqueous phase. By not doing so, previous reports have failed to address the fact that
different fractions of biocatalyst have different specific desulfurization rates. Mass transport
limitations in a BDS system may be overcome by increased agitation. In our model small-scale
system, such limitations are removed by increasing P/V above 15,000 W/m 3.
Correlations were developed for the dependence of key dynamic parameters (kwa, fagg,
d32 ,agg) on key operating parameters (P/V, <b, X) based on data in the small-scale system. These
correlations successfully predicted the BDS rate in a 4L bioreactor. The correlations were then
used to predict operating productivity in an industrial-scale bioreactor. The operating space
encompassed by oil fractions ranging from 0.25- 0.50 and P/V ranging from 7,000-10,000W/m3
led to the highest productivity of 27.4 barrels desulfurized/BOE. This estimate of BDS
productivity only considers energy spent for agitation and does not include any of the other
energy expenditures in BDS systems. Using airlift reactors instead of stirred tank reactors may
reduce the energy spent on agitation; in an airlift reactor the mixing takes place due to
hydrostatic pressure and minimal impeller mixing is required. A further caveat of the BDS
productivity calculations is that they assume that the biocatalyst can sustain the desulfurization
rate throughout the entire process. HBP accumulation at micro-molar concentrations has been
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shown to lead to a reduction in desulfurization rate. Therefore, desulfurization of any batch of
oil containing DBT in the milli-molar range will be severely hindered.
3.6 Conclusions
Analysis of the mechanistic steps involved in microbial desulfurization has shown that
power input per unit volume is the key operating parameter in determining whether the system is
mass transport limited or kinetically limited. Mass transport within the bacterial aggregates has
been shown to be a more prevalent issue than oil-to-water mass transport in that it requires
higher power input per volume to be eliminated as a rate-limiting step. Correlations describing
the BDS rate obtained with data in a small-scale (100 mL) system were validated at the 4L
bioreactor scale and used to predict behavior in an industrial-scale bioreactor. The optimal
operating space upon scale-up was predicted to encompass oil fractions ranging from 0.25-0.50
and PN from 7000-10000 W/m3. In this operating window, the BDS productivity is estimated to
be 27.4 barrels desulfurized/BOE.
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3.7 Nomenclature
a - specific interfacial area between oil and water phases (m2/m3)
CDBT,oil - concentration of DBT in oil phase (mole/L)
C*DBT,oil - equilibrium concentration of DBT in oil phase (mole/L)
CDBT,water - concentration of DBT in water phase (mole/L)
De - effective diffusivity of DBT within bacterial aggregates (m2/s)
D - diffusivity of DBT in free water (m2/s)
Di - impeller diameter (in)
DT - tank diameter (m)
ffree - fraction of biocatalyst in free cell population
foi - fraction of biocatalyst in oil-adhered cell population
fagg - fraction of biocatalyst in cell aggregate population
H - working liquid height in stirred tank reactor (m)
kw - oil-to-water DBT mass transport coefficient (m/s)
Km - Michaelis-Menten constant (mole/L)
kcat - biocatalyst turnover rate (pmole DBT/g DCW/h)
mow - DBT partition coefficient between water and oil phases
N - mixing speed (rev/min)
Np - power number
P/V - power input per unit working volume in reactor (Watts/m3)
Roa - total cell-specific desulfurization rate (pmole HBP/g DCW/h)
Rfree - cell-specific desulfurization rate by free cells (pmole HBP/g DCW/h)
Ra - cell-specific desulfurization rate by oil-adhered cells (pmole HBP/g DCW/h)
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Ragg - cell-specific desulfurization rate by cells in aggregates (pmole HBP/g DCW/h)
Rma- maximum cell-specific desulfurization rate with no mass transport limitations (pmole
HBP/g DCW/h)
Vtotai - total volumetric desulfurization rate (pmole HBP/L/h)
Vmax - maximum volumetric desulfurization rate with no mass transport limitations (pmole
HBP/L/h)
X - Cell density (g DCW/Lwater)
<b - oil fraction
p - density (kg/m3)
11 - effectiveness factor
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CHAPTER 4
Characterization of the effects of 2-hydroxybiphenyl on R.
erythropolis IGTS8 during microbial desulfurization and
through exogenous addition
Abstract
In this chapter, we show that HBP accumulation in the medium is the only trend that is
concomitant with reduction in desulfurization rate. Concentrations of NADH, DBT and glucose
were measured throughout the BDS process and no trends were observed in the concentrations of
any of these compounds. This finding supports the idea that HBP accumulation causes reduction
in desulfurization rate. Moreover, it was determined that the biocatalyst has a high loading
capacity for HBP of approximately 330 mg HBP/g DCW. HBP loading was found to lead to a
reduction in biocatalyst activity. The amount of HBP loading needed to achieve a certain
reduction in activity was found to depend on whether HBP was exogenously taken up the
biocatalyst or endogenously generated through desulfurization of DBT. The biocatalyst activity
was found to be significantly more resistant to HBP added exogenously than HBP generated
endogenously. The hypothesis is that the hydrophobic cell wall of R. erythropolis IGTS8
protects the cytoplasmic desulfurization enzymes from exogenously added HBP. Various resins
were tested for their ability to adsorb HBP with high affinity and selectivity relative to DBT.
The resin Dowex@ Optipore SD-2 had the highest affinity (50 mg/g-resin) and selectivity for
HBP relative to DBT (2.5 times). The resin was effective in reducing HBP loading in the
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biocatalyst during a BDS experiment from 1.6 to 0.2 mg HBP/g DCW. Despite the significant
decrease in HBP loading, the total amount of HBP produced in the system did not increase with
increasing resin concentration. Therefore, it was postulated that the biocatalyst, and in particular
the desulfurization enzymes, might be susceptible to cytoplasmic HBP concentrations smaller
than 260 pM, which corresponds to an HBP loading of 0.2 mg/g DCW.
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4.1 Introduction
One of the two key phenomena identified from the BDS experiments at the bioreactor
scale was that the desulfurization rate decreased over time and was concomitant with
accumulation of HBP in solution (Chapter 2). This phenomenon has been previously reported
(Schilling et al, 2002; Kilbane et al, 2006). The desulfurization activity of a cell suspension of R.
erythropolis IGTS8 of cell density 66 g DCW/L mixed with hexadecane (at 1:1 v/v ratio)
containing 19 mM DBT was found to follow first order decay with decay constant of 0.072 h-1.
It was suggested that the loss of biocatalyst activity might be due to exposure to increasing
concentration of endogenously generated HBP, although no experiments were done to prove that
(Schilling et al, 2002). Conversion of 1 mole of DBT into 1 mole of HBP and 1 mole of sulfate
requires 4 moles of NADH and 0.333 moles of glucose (Schilling et al, 2002). Measurement of
NADH and glucose levels during a BDS experiment would indicate whether or not depletion of
one of these two compounds plays a role in the reduction of biocatalyst activity.
The effect of exogenously added HBP on biocatalyst activity has also been investigated
previously (Caro et al, 2008; Chen et al, 2008). R. erythropolis IGTS8 aqueous resting cell
suspensions of 2 g DCW/L were prepared and supplied with only one of the 4S pathway
intermediates (either DBT, DBTO, DBTO2 or HBPS) (Caro et al, 2008). HBP was also added at
concentrations of either 0 or 50 pM in each experiment. The disappearance rate of the
intermediate that was supplied to the resting cell suspension was monitored over a short period
of 15 min. It was found that the disappearance rates of DBTO and HBPS were significantly
reduced by the presence of 50 pM HBP. These results suggested that HBP might be inhibitory to
the enzymes responsible for DBTO and HBPS consumption, which are DszC and DszB,
respectively. In a different study, the DBT desulfurization rate of resting cells of
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Microbacterium sp. ZD-M2 was found to decrease significantly when HBP was added
exogenously at concentrations ranging from 0 to 2 mM (Chen et al, 2008).
Therefore, there is sufficient evidence to suggest that biocatalyst activity is reduced by
either endogenously generated or exogenously added HBP. However, the effect of NADH and
glucose levels on biocatalyst activity during a BDS experiment in which HBP is endogenously
generated has yet to be determined. Quantification of the effect that HBP loading in the
biocatalyst has on the biocatalyst's desulfurization activity is of particular interest.
The goals of this chapter are first, to characterize BDS experiments where DBT is added
exogenously and HBP is generated endogenously. From these experiments, the goal will be to
determine whether there are any phenomena besides HBP accumulation that are correlated with
reduction of biocatalyst activity. The second goal is to quantify the effect that HBP has on
biocatalyst activity when it is exogenously added to the medium. The last goal of this chapter is
to investigate whether reducing levels of HBP accumulated in the medium can mitigate the
reduction in biocatalyst activity. This will be done by addition of an HBP-selective resin to the
medium during endogenous generation of HBP.
4.2 Materials and methods
4.2.1 Resting cells preparation.
R. erythropolis IGTS8 cultures were grown in 400 mL of MM (see chapter 2) in a 2L
shake flask for a period of 40-48 hours during which the cell density increased from
approximately 0.03 g DCW/L to 3 g DCW/L. Cultures were centrifuged at 5000 RPM and 4*C
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for 15 min and spent medium was discarded. Biocatalyst pellets were resuspended to the
experimental cell density in 10 g/L glucose and 20 mM phosphate buffer pH 7.0.
4.2.2 Shake-flask BDS experiments.
Resting cell suspensions of R. erythropolis IGTS8 of cell density 31 g DCW/L were
mixed with hexadecane (0.10 vol/vol) containing 90 mM DBT. The mixtures were incubated in
a rotary shaker at 30'C and 250 RPM for 72 hours. Samples were removed at various times and
centrifuged at 5000 RPM for 15 min. The concentrations of DBT and HBP in the oil and water
phases were measured in each sample. The concentration of glucose was also monitored over
time. The intracellular NADH concentration was measured as follows. The cell pellet separated
from the oil and water phases was washed twice with aqueous buffer containing 10 g/L glucose
and 20 mM phosphate buffer pH 7.0. The cell pellet was resuspended in 1000 pL of the same
aqueous buffer. The suspended cells were then sonicated for 10 min and the mixture
centrifuged. The concentration of NADH in the supematant was measured using the
EnzyChromTM NAD/NADH assay kit. Glucose concentration was measured using the
QuantiChromTM glucose assay kit.
4.2.3 Quantification of DBT, DBTO 2 and HBP retained by biocatalyst.
A 15.5 g DCW/L resting cell suspension of R erythropolis IGTS8 was incubated with
DBT, DBTO2 or HBP dissolved in hexadecane at an oil fraction of 0.50. Initial oil phase
concentrations of DBT, DBTO2 and HBP were 10, 0.6 and 10 mM, respectively. The incubation
was done in a rotary shaker at 250 RPM and 30*C for 24 hours. After incubation, the mixtures
were centrifuged for 15 min at 5000 RPM to separate oil, water and cellular phases.
Concentrations of DBT, DBTO 2 and HBP in the oil and aqueous phases were measured directly
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after centrifugation. DBT, DBTO2 and HBP retained within the cells were extracted by washing
with ethanol three times. For DBT extraction, other organic solvents were tested as well. These
included acetone, methanol, toluene, hexane, hexadecane, and squalane. A cell wall
solubilization protocol was also performed on the cellular phase to attempt to extract an
additional amount of DBT. The following steps were adapted from the cell wall solubilization
protocol by Cole et al, 2008. After organic washing, the cellular phase was washed with an
aqueous buffer containing 50 mM Tris-HCl (pH 8.0), 1 mM EDTA, 20% (w/v) sucrose and
1mM Phenylmethylsulfonyl fluoride (PMSF). Cells were pelleted and resuspended in the same
aqueous buffer and an enzymatic mixture of lysozyme (100 mg/mL) and mutanolysin (5000
Units/mL) was added. The mixture was incubated at 37*C for 2 hours with shaking (250 RPM).
Concentrations of DBT, DBTO2 and HBP in all extracts (organic and aqueous) were measured
by HPLC.
4.2.4 HBP retention experiments.
Resting cell suspensions of 3.1 g DCW/L were mixed with hexadecane (0.50 vol/vol)
containing HBP in 100 mL Erlenmeyer flasks. The total volume of the mixture was 20 mL. The
initial HBP concentration in the oil phase varied from 0 to 200 mM. The mixtures were
incubated at 30*C with shaking (250 RPM) for 3 hours. Samples were removed at 5, 10, 30 and
180 minutes. Samples removed were centrifuged and the oil, aqueous and cellular phases were
separated. HBP in the oil and aqueous phases were measured directly after centrifugation. HBP
in the cellular phase was measured by extracting the cells three times with ethanol. Loading of
HBP on the biocatalyst (Le) was calculated from the expression:
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LC= Cetaj ,Vexm (1)
Mcells
where Cextract is the concentration of HBP in the ith extract, Veat is the volume of each extract
(this was constant for all three extractions), and mcels is the mass of cells extracted with ethanol
three times.
4.2.5 HBP retention and biocatalyst activity experiments.
Resting cell suspensions of 3.1 g DCW/L were prepared and warmed to 30*C in a rotary
shaker incubator at 250 RPM. Hexadecane containing HBP ranging from 0 to 100 mM was
added to the resting cell suspension at an oil fraction of 0.25 vol/vol. The three-phase mixture
was incubated in the rotary shaker at 30'C and 250 RPM for 2 hours. After the 2-hour
incubation period, the mixture was centrifuged and the three phases were separated. HBP in the
oil and aqueous phases was measured directly thereafter. The cellular phase was washed twice
with a solution of 0.25 vol/vol hexadecane and aqueous buffer containing 10 g/L glucose and pH
7 phosphate buffer. After washing, the cell pellet was resuspended in a solution of 0.50 vol/vol
hexadecane (1 mM DBT) and the same aqueous buffer. The mixture was then incubated at 300C
and 250 RPM for 1.5 hours. The biocatalyst activity was assessed from the HBP accumulated in
the medium during the 1.5-hour incubation.
4.2.6 Effect of HBP on cell viability.
These experiments were performed in a 96-well plate. 200 [tL of LB medium was
inoculated with R erythropolis IGTS8. The concentration of HBP added ranged from 0-4 mM.
The initial cell density was approximately 0.031 g DCW/L (OD600 = 0.1). The optical density
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was monitored over time to determine the effect of HBP on growth of the biocatalyst. The
viability of cells in different wells was measured at different times. This was done by removing
a small aliquot of cell suspension from each well and resuspending it to an OD6 oo = 1 (cell
density of 0.31 g DCW/L). Then, different LB-agar plates were prepared with various dilutions
from this ODoo 1 solution. The dilutions prepared ranged from 10-4 to 10-9. The number of
colonies on each plate was counted and the number of cells per mL was calculated in this way.
4.2.7 Resins.
Activated charcoal, molecular sieves (of 4, 5, and 13 A pores), Diaion@ HP-20, Dowex@
Optipore L-493, SD-2, Biobeads, Amberlite@ XAD4, IRC86, IRA958 were all obtained from
Sigma-Aldrich (USA).
4.2.8 Testing HBP adsorbents.
Resins were tested for their ability to adsorb HBP from a hexadecane-water solution.
The adsorption experiments were carried out in 20 mL scintillation vials by mixing 5 mL of
water with 5 mL of a hexadecane solution containing 10 mM DBT and 10 mM HBP with either
0.1 or 1.0 g of resin. Mixtures were equilibrated for 24 h at 30*C, with agitation at 250 rpm.
After measuring solute concentrations before and after sample equilibration with a particular
resin concentration (Xr), specific loadings (Lr) were determined by the following relationships:
X, = - (2)
total
(CHBPIt - CHBP t )ZwHBP
Xr
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, where CHBP represents the total concentration of HBP (in oil and water), Vtotai is the total
volume of solution (oil plus water), m, is the mass of resin used, Xr is the concentration of resin
employed per total volume, MWHp is the molecular weight of HBP (170 g/mole), and to and teq
represent time at initial and equilibrium conditions, respectively.
4.2.9 Four-component BDS experiments.
BDS experiments in the presence of Dowex@ Optipore SD-2 resin were carried out in 250 mL
shake flasks containing 20 mL of a 15.5 g DCW/L resting cell suspension mixed with 20 mL of
hexadecane containing 10 mM DBT. The resin was added to the mixture at resin concentrations
of Xr = 0, 10 or 50 g/L in the shake flask and the flasks were incubated at 30*C for 26 hours.
DBT and HBP concentrations in the oil and aqueous components were measured directly after
centrifugation. DBT and HBP concentrations in the cells and resin were measured by extraction
into ethanol. Ethanol was selected as the best extractant among a variety of solvents tested,
including acetone, methanol, hexane, hexadecane, squalane, and toluene. Cell wall
solubilization by treatment with an enzymatic mixture of lysozyme (100 mg/mL) and
mutanolysin (5000 Units/mL) did not increase the concentration of DBT or HBP extracted from
the cells. Sonication of the cells also did not increase extraction concentrations. Loadings of
HBP on the biocatalyst (Le) and resin (Lr) were calculated from equations 1 and 3, respectively.
4.2.10 Analytical methods.
Concentrations of DBT, DBTO2 and HBP in the aqueous and oil phase were quantified
via HPLC (Gold 168 series Beckman-Coulter, USA) equipped with a diode array detector.
External standards provided calibration. Analyte separation was achieved on a Zorbax@ SB-C18
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reversed-phase column (Agilent Technologies, USA) with a mobile phase of 50/50 (vol/vol)
acetonitrile/water at a flow rate of 1 mL/min. Column temperature was set to 600 C.
4.3 Results
4.3.1 Shake-flask BDS experiments.
A resting cell suspension of R. erythropolis IGTS8 at a cell density of 31 g DCW/L was
mixed with 0.10 vol/vol hexadecane containing 90 mM DBT initially. The concentrations of
DBT and HBP in the oil and water phases were monitored over time. The total concentration of
DBT and HBP in solution (oil and water) is shown in Figure 4-1. The final amount of HBP
accumulated in solution was approximately 1300 pM while the final amount of DBT that
disappeared from solution was approximately 2250 pM. This suggested that a fraction of the
DBT exogenously added and/or a fraction of the HBP endogenously generated were retained by
the biocatalyst throughout the process.
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Figure 4-1. Concentrations of DBT (diamonds) and HBP (squares) in solution during a
shake-flask BDS experiment.
The volumetric desulfurization rate (VBDS) from a time ti to a future time t2 was calculated from
the measured HBP concentrations by the following expression:
VD 1 2 ) (cHBP,oil (t2) - CHBPBPit1)) + (1 -)(CHBPwater(0 - HBPwat)e (4)
S->tt -t1
where CHBPoil(tl) and C-MP,oil(t2) are the measured HBP concentrations in the oil phase at times ti
and t 2, respectively. CHBP,waterftI) and CHBP,water(t2) are the measured HBP concentrations in the
aqueous phase at times ti and t2, respectively. The VBDS was monitored over time (Figure 4-2).
The desulfurization rate was over 130 pmole HBP/L/h for the first 3 hours but decreased sharply
from 3 to 7 hours. The desulfurization rate was approximately constant at 30-40 pmole HBP/L/h
from 7-30 hours. Between 30 and 40 hours the desulfurization rate decreased from 30 to 2
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imole HBP/L/h. The desulfurization rate was negligible after approximately 40 hours. The
conversion of 1 mole of DBT into 1 mole of HBP and 1 mole of sulfate requires 4 moles of
NADH and 0.333 moles of glucose (Schilling et al, 2002). Therefore, the concentrations of
NADH and glucose were measured to ascertain whether low levels of these two compounds were
contributing to the reduction in desulfurization rate observed. The intracellular NADH
concentration was approximately constant at 100 ± 40 pM (Figure 4-2). There was no trend in
NADH concentration that correlated to the reduction in desulfurization rate observed. Glucose
concentration was measured to be 9.9, 6.8, 2.3 and 1.3 g/L at 0, 10, 33 and 51 hours. The fact
that glucose was not depleted suggests that the reduction in desulfurization rate cannot be
attributed to glucose depletion.
0 10 20 30 40 50 60 70
time (hours)
Figure 4-2. Volumetric desulfurization rate (VBDS, diamonds) and intracellular NADH
concentration (squares) during the shake-flask BDS experiments. Error bars represent
standard deviation for n = 2 replicates.
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4.3.2 Quantification of DBT, DBTO 2 and HBP retained by biocatalyst.
A 15.5 g DCW/L resting cell suspension of R erythropolis IGTS8 was incubated with
DBT, DBTO2 or HBP dissolved in hexadecane at an oil fraction of 0.50. Initial oil phase
concentrations of DBT, DBTO2 and HBP were 10, 0.6 and 10 mM, respectively. The incubation
period was 24 hours. The concentrations of DBT, DBTO2 and HBP were measured in all three
phases (oil, water and cells) after 24 hours. When only DBT was initially added, 51 5 % of the
initial amount of DBT added was detected after 24 hours (Figure 4-3). Another 28 2 % of the
initial amount of DBT added was converted to HBP during the 24 hours (Figure 4-3). No
DBTO2 could be detected in the system after 24 hours. Therefore, approximately 21% of the
initial amount of DBT added was unaccounted for in the system (Figure 4-3). It is likely that this
missing amount remained within the biocatalyst after the extraction with ethanol. Because the
cells have the ability to convert DBT to DBTO2 and HBP, we do not know from this experiment
alone whether the missing moles are DBT, DBTO2 or HBP. When DBTO2 was initially added,
approximately 4% of the DBTO2 initially added was detected after 24 hours (Figure 4-3).
Moreover, 96% of the DBTO2 initially added was converted to HBP after 24 hours (Figure 4-3).
Therefore, 100% of the initially added DBTO 2 was accounted for in the system after 24 hours.
When HBP was initially added, approximately 100 % of the initially added HBP was accounted
for after the 24-hour incubation period (Figure 4-3). The distribution of HBP among the oil,
aqueous and cellular phases after the 24-hour incubation period was 94, 2, and 4 %, respectively.
These experiments show that DBTO2 and HBP retained within the biocatalyst can be fully
extracted by washing with ethanol. Therefore, in the experiment where DBT was added initially,
the 21% of moles that is unaccounted for must be DBT. The assumed DBT loading on the
biocatalyst can be calculated to be 24.5 mg/g DCW. In comparison, when HBP was added
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exogenously at the same concentration, the HBP loading on the biocatalyst was 4.2 mg HBP/g
DCW. This shows that the biocatalyst has a significantly higher affinity for DBT than for HBP.
Rhodococcus erythropolis (a member of the actinomycetes family) has a cell wall that is
composed of a peptidoglycan structure to which mycolic acids are attached (Lichtinger et al,
2000). These mycolic acids range from 30-54 carbon atoms in length and they make the cell
wall of R. erythropolis highly hydrophobic. DBT being more hydrophobic than HBP (due to
lacking the hydroxyl group) is expected to be attracted more strongly to the cell wall of R.
erythropolis IGTS8.
Ethanol washing was chosen as the best organic solvent for removing DBT from the
biocatalyst when compared to other solvents (Figure 4-4). The other organic solvents tested
were acetone, methanol, toluene, hexadecane, squalane and hexane (Figure 4-4). Enzymatic
treatment aimed at solubilizing the biocatalyst cell wall proved ineffective (data not shown).
Sonication was also ineffective in releasing additional DBT from the biocatalyst (data not
shown). In the best-case scenario, only 4% of the DBT retained by the biocatalyst could be
extracted (Figure 4-4). Therefore, a better method for extracting DBT from R erythropolis
IGTS8 needs to be developed.
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Figure 4-3. Resting cell suspensions of 15.5 g DCW/L were mixed with hexadecane
(0.50 vol/vol) containing DBT, DBTO2 or HBP. Initial DBT, DBTO2 and HBP
concentrations were 10, 0.6 and 10 mM, respectively. After 24 hours, the fraction of the
total moles in all three phases (oil-water-cells) that were DBT (black), DBTO 2 (gray) and
HBP (white) were quantified.
Figure 4-4. Resting cell suspension of 15.5 g DCW/L was mixed with 10 mM DBT in
hexadecane (0.50 vol/vol). This plot shows the fraction of DBT retained within the cells
that could be extracted by washing the cells with various organic solvents three times.
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4.3.3 The biocatalyst has a high HBP retention capacity.
Resting cell suspensions of 3.1 g DCW/L were mixed with hexadecane (0.50 vol/vol)
containing HBP. The initial HBP concentration in the oil phase varied from 0-200 mM. The
mixtures were incubated at 30*C with shaking (250 RPM) for up to 3 hours. It was observed that
over 95% of the HBP loading on the biocatalyst took place within the first 5 minutes of
incubation. The HBP loading on the biocatalyst increased steeply with HBP concentration in
solution up to approximately 26 mM (Figure 4-5). The HBP loading was measured to be 288 mg
HBP/g DCW at an HBP concentration in solution of 26 mM (Figure 4-5). Beyond 26 mM of
HBP in solution, the HBP loading increased much less steeply (Figure 4-5). This result suggests
that the cells become saturated with HBP at a loading of approximately 330 mg HBP/g DCW.
The HBP loading on biocatalyst as a function of HBP concentration in solution was modeled
using a sigmoidal equation. The form of the sigmoidal equation used to model the data was the
generalized logarithmic equation (Richards' curve) and is given by:
330
Le8= (5)(I + exp(-O. 15(CHBP 7)) 2
The loading capacity of R erythropolis IGTS8 for DBT was not characterized in detail as was
done for HBP. However, when a resting cell suspension of 3.1 g DCW/L was mixed with an oil-
water solution containing 2.5 mM DBT, approximately 100 mg DBT/g DCW was loaded onto
the biocatalyst. The predicted HBP loading at the same cell density and HBP concentration in
solution is approximately 16 mg HBP/g DCW (equation 5). This shows once again that the cells
have a much higher affinity for DBT than for HBP.
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Figure 4-5. HBP loading on R.erythropolis IGTS8. Resting cell suspensions of 3.1 g
DCW/L were mixed with hexadecane (oil fraction 0.5 vol/vol) containing HBP at a
concentration from 0-200 mM. Diamonds correspond to measured values. Dotted line
corresponds to model fit (equation 5).
4.3.4 Effect of retention of exogenously added HBP on biocatalyst activity.
Resting cell suspensions of 3.1 g DCW/L were mixed with hexadecane (0.25 vol/vol)
containing HBP at concentrations ranging from 0-100 mM. The oil-water-cell mixtures were
incubated for 2 hours in a rotary shaker at 250 RPM and 30'C. After the incubation period, the
loading of HBP on the cells was measured. The desulfurization activity of the cells was also
measured after the 2-hour incubation period. The desulfurization activity of the biocatalyst was
found to decrease with increasing HBP loading during the 2-hour incubation period (Figure 4-6).
The normalized activity was found to decrease from 1 to approximately 0.70 as the HBP loading
increased from 0 to 50 mg HBP/g DCW (Figure 4-6). The normalized activity was measured to
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be 0.11 at an HBP loading of 113 mg HBP/g DCW (Figure 4-6). This suggests that the reduction
in biocatalyst activity was more pronounced for HBP loadings from 50-100 mg HBP/g DCW
than from 0-50 mg HBP/g DCW. One possible explanation for this phenomenon is as follows.
At low HBP loadings (0-50 mg HBP/g DCW), the majority of the HBP added exogenously
would reside on the cell wall of the biocatalyst. As the amount of HBP added exogenously
increased, the cell wall would become increasingly saturated with HBP. As a result, HBP would
then be able to penetrate further into the cell surface. HBP that reaches the cytoplasm would be
able to inhibit the desulfurization enzymes, which would explain the more pronounced reduction
in activity observed from 50-100 mg HBP/g DCW. HBP was subsequently found to inhibit three
of the four enzymes in the 4S pathway (Chapter 5). The reduction in desulfurization activity
with increasing HBP loading was fit by the following Richards' curve-type expression:
RL =1- 1 (6)
Rmax (1 + exp(-0. 05(L - 60)))1.18'
where RL is the desulfurization activity (specific desulfurization rate) at an HBP loading of L.
Rma is the maximum desulfurization activity when no HBP is loaded on the biocatalyst.
4.3.5 Viability of cells exposed to HBP.
The effect of HBP on the growth of R erythropolis IGTS8 was measured in a 96-well
plate. The concentrations of HBP studied ranged from 0 to 4 mM. Initial HBP concentrations of
0.5 mM or higher were seen to inhibit growth (Figure 4-7). The cell viability was measured at
different times for the cells exposed to 0, 1 and 4 mM HBP. The cell viability was significantly
reduced with increasing HBP concentration (Figure 4-8). At 5.5 hours after addition of HBP, the
viability of cells exposed to 0, 1 and 4 mM was 90, 38 and 0 %, respectively (Figure 4-8). The
97
lines in Figure 4-8 represent a first order decay in cell viability with time. The expression for
this first order decay model is given by:
Cell viability (%) =100 x exp(-kd 0 (7)
where kd is the first order decay constant. The value of kd was calculated to be 0.14 and 2.0 h-
for HBP concentrations of 1 and 4 mM, respectively.
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Figure 4-6. Effect of HBP loading on the desulfurization activity of a resting cell
suspension of 3.1 g DCW/L. This plot applies only when HBP is exogenously added to
the biocatalyst. The diamonds represents data points. The dotted line represents the
model fit (equation 6).
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Figure 4-7. HBP effect on growth of R. erythropolis IGTS8 in LB media Initial
concentrations of HBP were 0 (diamonds), 0.5 (squares), 1 (triangles) and 4 mM
(crosses).
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Figure 4-8. Effect of HBP on R. erythropolis IGTS8 viability. Cell viability was
measured at HBP concentrations of 0 (diamonds), 1 (squares) and 4 (triangles) mM.
Solid lines represent first order decay of cell viability (equation 7).
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4.3.6 Screening HBP-selective adsorbent resins.
A variety of commercially available resins were screened for their ability to uptake HBP
and DBT from a 0.50 vol./vol. hexadecane-water solution with an initial concentration of 10 mM
DBT and 10 mM HBP in hexadecane. The results are compared in Figure 4-9, where X,- was 10
g-resin/L-total for each resin. From these data we find that poly (styrene-co-DVB) derived
resins generally have the greatest affinity for HBP. For instance, Dowex@ Optipore L-493 and
SD-2 were able to achieve specific loadings of HBP of 40 and 50 mg/g-resin, respectively. In
addition to high affinity, Dowex@ Optipore L-493 and SD-2 also possessed the highest
selectivity for HBP relative to DBT with HBP loadings that were 2.1 and 2.5 times greater than
their respective DBT loadings.
Figure 4-9. Loading of DBT (black) and HBP (white) by a variety of commercial resins.
Resin concentration was 10 g/L in all experiments.
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4.3.7 Four-component BDS experiments.
Dowex@ Optipore SD-2, which had the best affinity and selectivity for HBP of all resins studied,
was used to try to mitigate the reduction in biocatalyst activity correlated with HBP
accumulation during the BDS process. R. erythropolis IGTS8 resting cell suspensions of 15.5 g
DCW/L were mixed with hexadecane (0.50 vol./vol.) containing 10 mM DBT and Dowex@
Optipore SD-2 was added at Xr of 0, 10 or 50 g/L. The four-component (oil, water, cells and
resin) mixtures were incubated at 30'C in a rotary shaker at 250 RPM for 26 hours. The
concentration of DBT and HBP in each component was measured at the end of the incubation
period. The partition coefficient of HBP between one component (component 1) and another
component (component 2) in the four-component BDS experiments is expressed as:
CHBPcompl (8)
complIcomp 2 8
where CBp,compi is the measured HBP concentration in component 1 and CP,comp2 is the
measured HBP concentration in component 2. For example, PRJc is the partition coefficient of
HBP between the resin and the biocatalyst (cells). Similarly, Po/w is the partition coefficient of
HBP between hexadecane (oil) and water. The partition coefficients calculated at the different
resin concentrations are shown in Table 4-1. The resin Dowex Optipore@ SD-2 had the highest
affinity for HBP relative to the other components of the system. This resin had log PRJc and log
PR/o values around 2, which means that the resin's affinity for HBP was around 100 times greater
than the affinity of either the hexadecane oil phase or the biocatalyst. Furthermore, this resin had
a log PRJw around 4, which means that its affinity for HBP was around 10,000 times greater than
that of the aqueous buffer. The partition coefficients of HBP between oil and the aqueous buffer
(Pomw) and between the biocatalyst and the aqueous buffer (Pc/w) were very similar (Table 4-1).
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The log Po/w and log Pc/w in the absence of resin were 1.7 and 1.8, respectively. Also, the
partition coefficient of HBP between the biocatalyst and oil (Pc/0 ) was calculated to be 1 in the
absence of resin. The finding that Po/w Pc/w and Pc/o~~ 1 indicates that the oil and biocatalyst
components have very similar affinity for HBP. Both the oil and the biocatalyst have an affinity
for HBP that is 50-60 times greater than that of the aqueous buffer in the absence of resin (Table
4-1).
Table 4-1. Comparison of partition coefficients between the four different components in
the four component BDS experiments in the presence of the resin Dowex@ Optipore SD-2.
Resin
concentration
(g/L PcO PC/W Po/w PRc PWO PR/w
0 1 60 52 - - -
10 1 47 42 88 99 4116
50 3 160 54 99 296 15906
Resin
concentration
(g/L) log Pc/o log Pc/w log Po/w log PRJC log PRO log PRJW
0 0.1 1.8 1.7 - - -
10 0.0 1.7 1.6 1.9 2.0 3.6
50 0.5 2.2 1.7 2.0 2.5 4.2
C - cells
0 - oil
W - water
R - resin
The partition coefficient Pc/w is defined as:
PC Cumintraceluiar (9)
IW CHBP, water,
where CjP,water is the HBP concentration in the water phase and Cpintraceniuar is the HBP
concentration within the biocatalyst. The cell can be viewed as being composed of two
components: the inner cytoplasmic space and the outer envelope/shell that encompasses the
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cytoplasm, which is the cell wall. The partition coefficient of HBP between the cytoplasm and
water (Pcytoplasmw) was estimated from solving for its value in the expression:
Pciw = Pcen wauwfceu + Pytopam/wfcytopWM (10)
where Peii wall/w is the partition coefficient of HBP between the cell wall and the water. The
value of Pen wan/w was estimated to be 550 from the data in Figure 4-5. fcenwan and feytopiasm are
the fractions of the total volume of a single cell that are occupied by the cell wall and cytoplasm,
respectively. The values of fcytopiasm and fen wan were calculated from the expressions:
Lop -(Rce, - W=e(Ra,,,,)= (11)
(Rce,
(R,,1 -W 3
famwa =1- (m3(12)
where W is the thickness of the cell wall, which has been estimated to be approximately 10 nm
for Rhodococcous species (Sutcliffe et al, 2010). Re11 is the radius of the cell, which was
estimated to be 0.5 un (Kilbane et al, 1992). The cytoplasmic HBP concentration (CHBP,cytoplam)
was calculated from the following expression:
CHBP, cytoplasm PcytopasmlW HBPwater (13)
The value of CHBP,cytopm was calculated to be 1100, 330 and 260 pM at Xr = 0, 10 and 50 g/L,
respectively. The corresponding HBP loadings on the biocatalyst (Le) were calculated to be 1.6,
0.5 and 0.2 mg HBP/g DCW using equation 1. These values show that the resin was effective in
reducing HBP retention within the cytoplasm of the biocatalyst, which is where the
desulfurization enzymes are present (Gray et al, 1996). Despite the significant decrease in HBP
retained within the cytoplasm, the total amount of HBP produced in the system did not increase
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with increasing resin concentration (Figure 4-10). Therefore, it was postulated that the
biocatalyst, and in particular the desulfurization enzymes, might be susceptible to cytoplasmic
HBP concentrations smaller than 260 pM. This led us to investigate enzyme kinetics and
inhibition by HBP and the other 4S pathway compounds (Chapter 5).
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Figure 4-10. HBP produced (white) and cytoplasmic HBP concentration (black) in the
presence of different concentrations of the HBP-selective resin Dowex@ Optipore SD-2.
HBP loadings (equation 1) are shown above the cytoplasmic HBP concentration values.
4.4 Discussion
Uptake of aromatic hydrocarbons by gram-positive bacteria has been previously reported (Brandt
et al, 1997; Daughney et al, 1998). The uptake of pentachlorophenol (PCP) from aqueous
solution by the well-known PCP degrader Mycobacterium chlorophenolicum was investigated in
detail (Brandt et al, 1997). The uptake of PCP from aqueous solution was modeled well by a
Freundlich isotherm equation:
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q = (14)
A Freundlich capacity constant K of 0.48 and a Freundlich intensity constant n of 1.37 were
reported. The cell densities and PCP concentrations in solution studied by Brandt et al (1997)
were of the same order as the cell densities and DBT/HBP concentrations investigated in this
work. From their correlation (equation 9), the predicted loading of PCP at a cell density of 3 g
DCW/L and PCP concentration of 2.5 mM can be calculated to be approximately 140 mg PCP/g
DCW. In comparison, at the same cell density and concentration in solution, the loadings of
DBT and HBP measured in this work were 100 and 16 mg/g DCW, respectively. These results
show that the well-known PCP degrader Mycobacterium chlorophenolicum and the well-known
DBT degrader R. erythropolis IGTS8 have similar affinities for the substrates they degrade. The
Mycobacterium cell wall is very similar to that of Rhodococcus in that both cell walls are highly
hydrophobic and contain long mycolic acids (Brandt et al, 1997). The mycolic acids in
Mycobacterium are slightly longer, ranging from 60-90 carbon atoms (Lichtinger et al, 2000).
The slightly larger loading of PCP on M chlorophenolicum compared to the DBT loading on R.
erythropolis might be explained by two reasons. First, the longer mycolic acids inM
chlorophenolicum probably make its cell wall slightly more hydrophobic than that of R.
erythropolis. Second, PCP has an octanol-water partition coefficient of log Kow = 5.12, whereas
DBT has a log Kow = 4.61. This means that PCP is slightly more hydrophobic than DBT.
Therefore, the PCP-Mycobacterium interaction is expected to be slightly stronger (more
hydrophobic) than the interaction between DBT and R. erythropolis IGTS8.
When HBP was added exogenously to the biocatalyst R. erythropolis IGTS8, the
reduction in desulfurization rate was less pronounced at an equal HBP loading than when HBP
was generated endogenously. For example, when HBP was added exogenously, an HBP loading
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of 44 mg HBP/g DCW reduced the biocatalyst activity by 22% (Figure 4-6). In contrast, when
HBP was generated endogenously, HBP loadings as small as 0.2 -1.6 mg HBP/g DCW were
enough to stop all biocatalyst activity (Figure 4-10). R erythropolis has a cytoplasmic
membrane surrounded by a thick cell wall made mostly of peptidoglycan to which mycolic acids
(30-54 carbon atoms long) are attached (Lichtinger et al, 2000). When HBP is added
exogenously, a large fraction of HBP is likely retained by the cell wall and may never reach the
cytoplasm, where it could inhibit the desulfurization enzymes (Chapter 5). On the other hand,
HBP generated endogenously within the cytoplasm is immediately at the location where it can be
inhibitory to the desulfurization enzymes. Therefore, the specific HBP loading of the biocatalyst
(mg HBP/g DCW) that leads to a certain level of reduction in BDS activity should be
significantly larger when HBP is added exogenously.
The affinity of the biocatalyst for HBP is an intrinsic property of the biocatalyst and will
likely vary depending on the biocatalyst employed. Interactions between cyclic hydrocarbons
and biological membranes have been previously investigated (Sikkema et al, 1994). The
partition coefficients of a range of cyclic hydrocarbons (including aromatics) between liposomes
prepared from E coli phospholipids and an aqueous phosphate buffer were measured. From
these measured partition coefficients, a correlation for predicting the partition coefficient of any
cyclic hydrocarbon between the liposome (membrane) and the aqueous buffer (PMB) based on
the octanol-water partition coefficient (Po/w) of that cyclic hydrocarbon was developed. The
liposome-buffer partition coefficient of HBP is predicted to be log(PMB) = 2.2 given the known
value of the octanol-water partition coefficient log(Po/w) = 3.09 (Hansch, 1995). This is in good
agreement with the value of the partition coefficient of HBP between the biocatalyst and the
buffer measured in this work of log(Pc/w) = 1.8-2.2 (Table I). The liposomes prepared by
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Sikkema et al (1994) are representative of the cytoplasmic membrane of a gram-negative
bacterium. The fact that the value of log(Pc/w) measured in this study agrees well with the
predicted value of log(PmB) suggests that the majority of endogenously generated HBP is
retained within the cytoplasmic membrane.
4.5 Conclusions
The DBT desulftuization rate of R. erythropolis IGTS8 in a biphasic (oil-water) system was
studied. In this system, HBP was generated endogenously at a rate of 130 Pmole HBP/L/h for
the first three hours but the rate decreased sharply thereafter. Concentrations of DBT, NADH
and glucose were not depleted during the process and no trends were observed. The only trend
that was concomitant with reduction in desulfurization rate was accumulation of HBP. This
supports the belief that HBP accumulation causes a reduction in biocatalyst activity. It was
determined that DBT, DBTO2 and HBP are retained by the biocatalyst. Ethanol extraction was
successful in removing all DBTO2 and HBP retained by the biocatalyst. However, none of the
methods of extraction tested were successful in extracting more than 4% of the DBT retained
within the biocatalyst (Figure 4-4). R. erythropolis IGTS8 was shown to have a high capacity for
HBP retention of up to approximately 330 mg/g DCW. Cellular affinity for DBT is significantly
higher than for HBP, with DBT loading being approximately 6 times that of HBP at an equal
concentration in solution. HBP loading was found to decrease biocatalyst activity significantly.
When HBP is added exogenously, HBP loadings needed to decrease biocatalyst activity are
much higher than when HBP is generated endogenously. The HBP-selective resin Dowex@
Optipore SD-2 was effective in reducing HBP loading on the biocatalyst during endogenous
HBP generation (typical BDS experiment). However, total HBP generation in the system was
not increased. This led us to conclude that the biocatalyst is susceptible to very low HBP
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loadings during a typical BDS process where HBP is generated endogenously. This prompted us
to investigate the level of enzyme inhibition by HBP and other pathway intermediates (Chapter
5).
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4.6 Nomenclature
Cextrac:ti concentration of HBP extracted by the ith wash (PM)
Vextract: volume of extractant (mL)
mens : mass of cells washed with extractant (g)
Mr: mass of resin (g)
Vtotai: total volume of oil+water solution (mL)
Xr: resin concentration (g/L)
Lr: resin loading (mg DBT or HBP adsorbed by resin per gram of resin)
Lc: biocatalyst HBP loading (mg HBP/g DCW)
CHBP : concentration of HBP in solution (oil + water)
X: cell density (g DCW/L)
<b: oil fraction
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CHAPTER 5
Mechanism of biocatalyst inhibition in the microbial
desulfurization of DBT
Abstract
In this chapter, the 4S pathway enzymes from R. erythropolis IGTS8 were expressed and
purified to homogeneity in E. coli. The kinetics of all enzymes were studied and it was
determined that the enzymes, in order of decreasing maximum activity and catalytic efficiency
are: DszD > DszA > DszB~ DszC. Dose-response experiments were performed among all four
desulfurization enzymes and all four pathway compounds to identify major inhibitory
interactions in the 4S pathway. HBP was responsible for three of the four major inhibitory
interactions identified, with HBPS being responsible for the fourth interaction. The
concentrations of HBP that led to 50% reduction in the enzymes' activities (IC5o) for DszA,
DszB and DszC were measured to be 60 5 pM, 110+ 10 pM and 50 ± 5 pM, respectively. The
fact that the ICso values for HBP are all significantly smaller than the cytoplasmic HBP
concentration during BDS (see Chapter 4) suggests that the inhibition of the desulfurization
enzymes by HBP is responsible for the reduction in biocatalyst activity concomitant with HBP
generation.
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5.1 Introduction
The isolation and purification of the desulfurization enzymes from R. erythropolis IGTS8
has been reported previously (Gray et al, 1996 and Xi et al, 1997). Preliminary characterization
of these enzymes showed that DszB catalyzes the slowest reaction with a turnover number (kcat)
of "about 2 minl" (Gray et al, 1996). Furthermore, it was reported that DszA "has a turnover
number (kcat) of about 1/sec" (Gray et al, 1996). Following the finding that DszB catalyzes the
slowest step, the kinetics of DszB was investigated in detail. DszB kinetics was modeled
appropriately by the Michaelis-Menten model with a Michaelis constant (Km) of 0.90 ± 0.15 PM
and a kcat of 1.3 ± 0.07 min-' (Watkins et al, 2003). The kinetics of DszA, DszC, and DszD from
R erythropolis IGTS8 have yet to be investigated in detail.
One of the major obstacles facing BDS commercialization is that the biocatalysts cannot
maintain activity for a long period of time (Kilbane, 2006; Soleimani, 2007). Reduction in
biocatalyst activity over time has been widely reported in BDS processes (Schilling et al, 2002;
Naito et al, 2001; Kilbane, 2006). The reduction in activity has been attributed to the retention of
HBP within the biocatalyst during the BDS process (Chapter 4). Cytoplasmic HBP
concentrations of as low as 260 pM were shown to be enough to completely stop the BDS
process. This finding led to the hypothesis that the desulfurization enzymes might be inhibited
by HBP and/or the other 4S pathway compounds. There is, to the author's knowledge, only one
prior report of inhibition of an enzyme in the 4S pathway by HBP (Nakayama et al, 2002).
Preliminary characterization of the DszB enzyme from R erythropolis KA2-5-1 showed that its
activity is reduced by 50% at HBP concentrations around 2 mM (Nakayama et al, 2002). All
other studies on BDS inhibition have been performed with whole cells (Caro et al, 2008; Chen et
al, 2008). It is not possible to determine enzyme inhibition from experiments using whole cells.
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In this chapter, the kinetics of all four enzymes in the 4S pathway are characterized in
detail. Then, inhibition of these enzymes by the pathway compounds is investigated in detail, in
an attempt to understand the mechanism for the reduction in biocatalyst activity that is caused by
HBP retention.
5.2 Materials and Methods
5.2.1 Bacterial strains, vectors, media and chemicals.
The DBT-desulfurizing strain used in this study was Rhodococcus erythropolis IGTS8
ATCC@ 53968M, purchased from the American Type Culture Collection (USA). This strain
was grown in minimal medium (MM) described previously (Chapter 2). Dr. Christine Nguyen,
from Professor Steve Buchwald's research group at MIT, kindly provided HBPS. All other
chemicals were obtained from Sigma-Aldrich (USA). The strains used for expression of the
desulfurization genes were Escherichia co/i MAX Efficiency@ DH1OBN and E coli BL21
Starm (DE3) One Shot@ from Invitrogenm. The vector used for all molecular manipulations
was pETDuet-1 from Novagen@. The medium used to culture these strains was Luria-Bertani
(LB) broth from DIFCO@ supplemented with ampicillin for selection of clones containing the
pETDuet-1 vector.
5.2.2 DNA manipulations and preparation of E. coli recombinant strains.
Molecular biology manipulations were performed according to standard protocols. Genomic
DNA was extracted from R. erythropolis IGTS8 using Promega's Wizard@ genomic DNA
purification kit. Each of the desulfurization genes was PCR-amplified from the extracted
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genomic DNA with appropriate primers (see Appendix). Restriction sites for EcoRI and HindlIl
were included in the primers. PCR amplicons were then cut with the appropriate restriction
enzymes and ligated with the pET-Duet vector that had been previously cut with the
corresponding restriction enzymes. The resulting vectors containing the four genes (dszA, dszB,
dszC and dszD) were sequence-verified. Each of the 4 vectors was then used to transform E. coli
DH1OB by electroporation using 1 mm pathlength cuvettes. E. coli BL21 Starm (DE3) One
Shot@& was used as the expression host for each of the four desulfurization proteins, and
transformed according to the manufacturer's protocol (Invitrogen). Ampicillin selection (100
pg/mL) was used to identify successful transformants.
5.2.3 Protein expression and purification protocol.
The following protocol was followed to express and purify each of the four enzymes:
1. A transformed E coli BL21 colony from an LB-ampicillin plate was picked and grown in
10 mL LB with ampicillin at 30*C overnight.
2. The next day, 1 L of LB medium with ampicillin was inoculated with 10 mL of overnight
culture and grown at 30*C with shaking at 250 RPM.
3. The IL culture was induced with 0.3 mM IPTG when the OD, 0 0 of the culture was 0.5-0.6.
Growth was continued for 18 hours at 20*C.
4. Cells were harvested by centrifuging at 5000 RPM for 15 minutes at 40 C.
5. The supernatant was discarded and the cell pellet was frozen at -20'C overnight.
6. From this point on all cells and protein samples were maintained at 40 C or on ice to avoid
protein degradation. The cell pellet was resuspended using a volume of the IX His buffer
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(with 10% glycerol) equal to at least 2.5 times the mass of the cell pellet. Lysozyme (1
mg/mL) and DNAseI (500 pg/mL) were added and the cell suspension was incubated for
30 minutes on ice.
7. The cell suspension was sonicated for 15-30 minutes at 90-100% amplitude with 1-second
on/1-second off cycle.
8. Cell debris was pelleted by centrifugation at 20,000 rpm for 30 minutes at 4*C.
9. The supernatant (20-40 mL) was mixed with 5 mL Ni-NTA agarose (Qiagen) in order to
bind the 6x histidine-tagged desulfurization protein to the resin. The time for this binding
step was 1 hour at 4*C.
10. After the 1 hour binding step, the protein-resin mixture was poured onto a column (12 mL
total volume) and the resin was allowed to settle. The flow-through was processed by
gravity flow and collected.
11. The resin was washed with 10 mL of IX His buffer containing 7.5 mM imidazole and the
flow through was collected. Then, the resin was treated with five different solutions of IX
His buffer containing increasing imidazole concentrations of: 40, 60, 100, 250 and 500 mM
imidazole. Each solution was 5 mL in volume. The eluent of each fraction was collected.
12. A diagnostic SDS-PAGE gel was run to determine the fractions with the highest purity.
These fractions were combined in one piece of snakeskin dialysis tubing and the protein
sample was dialyzed overnight in IL of 50 mM Tris-HCl/50 mM NaCl/10% glycerol
buffer in the cold room with mild stirring.
13. Finally, the dialyzed protein was flash-frozen using liquid nitrogen in small aliquots for
long-term storage at -80 0C.
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5.2.4 Enzyme assays.
All enzyme assays were performed in 20 mM phosphate buffer at pH 7.0 and 30*C. The
assay volume was 1000 pL for all assays. DszD assays were performed in semi-micro cuvettes
and maintained at room temperature. DszA, DszB and DszC assays were done in 1.7 mL
Eppendorf tubes in a rotary shaker incubator at 30*C and 250 RPM and were neutralized either
by addition of 1% of a 12 M HCl solution or by using an Amicon Ultra-0.5 mL 10 kDa spin filter
device to remove the enzyme. For DszD enzyme assays, either the concentration of NADH was
varied from 0 to 400 pM (at fixed FMN = 100 M) or the concentration of FMN was varied from
0 to 100 pM (at fixed NADH = 150 pM), the concentration of DszD enzyme was 1.2 pg/mL, and
the assays were run for 10 minutes. For DszC enzyme assays, the concentration of NADH was
500 pM, FMN concentration was 10 pM, DBT concentration was varied from 0 to 5 pM, DszD
concentration was 0.47 pg/mL, DszC concentration was 3.1 [ig/mL and the assays were run for 5
minutes. Assay conditions were identical for determining the mechanism of DszC inhibition by
HBPS and HBP except for the addition of those compounds at concentrations of 0 to 200 and 0
to 1000 pM, respectively. For DszA enzyme assays, the NADH concentration was 500 pM,
FMN concentration was 10 pM, DBTO2 was varied from 0 to 80 pM, DszD concentration was
1.4 pg/mL, DszA concentration was 6.7 pg/mL, and the assays were run for 3 min. For DszB
enzyme assays, the HBPS concentration was varied from 0 to 200 pM, DszB concentration was
3.5 pg/mL, and the assays were run for 5 min. For all four enzymes dose-response type assays
were performed to measure the inhibitory concentration leading to 50% reduction in enzyme
activity (IC5o). For DszD dose-response assays, the concentration of NADH was 500 pM and
that of FMN was 200 pM, the concentration of the various pathway intermediates was varied
(DBT: 0 to 5 pM, DBTO2: 0 to 80 pM, HBPS: 0 to 2 mM, HBP: 0 to 2 mM), the concentration
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of DszD was 4.7 pg/mL, and the assays were run for up to 5 minutes. For DszC dose-response
assays, NADH concentration was 500 pM, FMN concentration was 10 pM, DBT concentration
was 5 pM, DszD concentration was 0.47 pg/mL, DszC concentration was 0.3 mg/mL, the
concentration of the pathway intermediates was varied (DBTO2: 0 to 80 PM, HBPS: 0 to 1 mM,
HBP: 0 to 2 mM), and the assays were run for 10 min. For DszA dose-response assays, the
NADH concentration was 500 pM, FMN concentration was 10 PM, DBTO 2 concentration was
80 [tM, DszD concentration was 1.4 gg/mL, DszA concentration was 67 pg/mL, the
concentration of the pathway intermediates was varied (DBT: 0 to 5 PM, HBPS: 0 to 500 uM,
HBP: 0 to 1 mM), and the run time was 3 min. For DszB dose-response assays, HBPS
concentration was 200 pM, the DszB concentration was 58.5 pg/mL, the concentration of the
pathway intermediates was varied (DBT: 0 to 5 pM, DBTO 2: 0 to 80 pM, HBP: 0 to 1000 M),
and the assays were run for 5 min.
5.2.5 Analytical methods.
For DszD assays, the absorbance at 340 nm was measured using a spectrophotometer to
calculate the NADH concentration and this was used to calculate the activity. The
concentrations of DBT, DBTO2, HBPS and HBP were measured using reversed phase HPLC
with a Zorbax SB-C 18 column at a flow rate of 1 mL/min. For DszC and DszB assays, the
mobile phase was 50% acetonitrile-50% water and the temperature of the column was
maintained at 65*C. For DszA assays, the mobile phase was 30% acetonitrile-70% 10 mM
tetrabutylammonium bisulfate, 15 mM acetic acid pH 5.0 mobile phase and the temperature of
the column was maintained at 45'C.
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5.3 Results
5.3.1 Enzyme kinetics.
To study the kinetics of each enzyme, recombinant protein was expressed in and purified
from E. coli (see Appendix B3). For DszA, DszB and DszD, the kinetic data obtained was
appropriately modeled by the Michaelis-Menten model (Figure 5-1A, 5-1B, 5-ID). The equation
for this model is:
v kcat[E0][S] V.[S] (1)K,,+ [S] K,,+[S]
where v is the enzyme activity, kcat is the turnover number, [Eo] is the enzyme concentration in
each assay, [S] is the substrate concentration and Km is the Michaelis constant. The kinetics of
DszC could not be modeled accurately with a simple Michaelis-Menten model because it was
found that DszC was inhibited by its substrate DBT (Figure 5-1C). As a result, a substrate
inhibition model was used to fit the data obtained from DszC (Shuler and Kargi, 2003):
v VmaS] (2)
Km + [S]+ S
Ks1,
where Ksi is the substrate (DBT) inhibition constant.
The fitting of the models to the data was done using the enzkin package in MATLAB@. The
kinetic data obtained for all four desulfurization enzymes is shown in Figure 5-1. The kinetic
parameters of each enzyme are summarized in Table 5-1 and compared to parameters from other
studies, where available.
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Figure 5-1. Enzyme kinetics for (A) DszA, (B) DszB, (C) DszC, and (D) DszD. Solid lines
represent Michaelis-Menten model fits for DszA, DszB and DszD (equation 1) and substrate
inhibition model for DszC (equation 2). The kinetic constants corresponding to the model fits
are shown in Table 5-1. DszD kinetics plot with respect to FMN is not shown, but the kinetic
constants are shown in Table 5-1. Error bars represent standard deviation from n = 3 replicates.
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Table 5-1. Summary of the main properties of the Dsz stock enzymes purified in this work including the molecular
weight (MW), stock concentration and measured kinetic constants.
This work Other authors
Enzyme M, Stock keat Km (pM) t/Km keat (min-') Km (pM)
(kDa) Concentration (min-') pM~1 min-1)
(mg/mL)
DszA 49.6 1.3 11±2 3.6 ± 0.5 .1 'about 60"'a 'approx. 1"-a
DszB 39.0 1.2 1.7±0.2 1.3 ±0.3 1.3 1.3 ±0.07 0.9 0  0. 15 b
DszC 45.0 6.1 1.6±0.3 1.4 0.3, Ks= 1.1 n/a 'less than 5"'
3 ±0.2 pM
DszD 25.0 4.7 760±10 114 ± 5 5.7 (NADH), ~300 c 208 (NADH), 10.8
(NADH), 7.3 100 (FMN) MNa
1 0.5 (FMN)
a (Gray et al, 1996). Strain used was R. erythropolis IGTS8
b (Watkins et al, 2003). Strain used was R. erythropolis IGTS8
c Calculated estimate based on data in Gray et al, 2006. Strain used was R. erythropolis IGTS8
d (Matsubara et al, 2001). Strain used was R. erythropolis D-1
To our knowledge, the only prior detailed characterization of a desulfurization enzyme from R.
erythropolis IGTS8 found kt = 1.3 ± 0.07 min~1 and Km = 0.90 ± 0.15 pM for DszB (Watkins et
al, 2003). In this work, kinetic characterization of DszB yielded kcat = 1.7 ± 0.2 min~' and Km=
1.3 ± 0.3 gM, which are in good agreement with values from the previous study. Rough
preliminary characterization of DszA and DszD from R. erythropolis IGTS8 yielded kcat values
of "about 60 min-l" and approximately 300 min~', respectively (Gray et al, 1996). The
corresponding values of kcat for DszA and DszD measured in this work were 11 ±2 min-' and
760 ± 10 min-, which are of the same order of magnitude as those rough estimates from
preliminary characterization studies. This work was also the first to characterize in detail the
kinetics of the DszC enzyme from R. erythropolis IGTS8. DszC was inhibited by its substrate
DBT and the kinetic parameters obtained were kcat = 1.6 ± 0.3 min-', Km = 1.4 ± 0.3 VM and Ks1
= 1.8 ± 0.2 PM. The activity of DszC from R. erythropolis D-1 was reported as 30.3 nmole
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DBTO 2/mg DszC/min (Ohshiro et al, 1997), which is in close agreement with the maximum
activity measured in this work of 31.3 nmole DBTO 2/mg DszC/min (Figure 5-1C).
The catalytic efficiency of an enzyme is best defined by the ratio of the kinetic constants,
kcat/Km (Copeland, 2000). The catalytic efficiency of each desulfurization enzyme was
calculated (Table 5-1). The catalytic efficiencies of DszA, DszB, DszC were calculated to be
3.1, 1.3, 1.1 pM~1min- 1, respectively. The catalytic efficiency of DszD on NADH and FMN was
calculated to be 6.7 and 100 pM1min , respectively. Therefore, the enzymes can be listed in
order of decreasing efficiency as: DszD > DszA > DszB ~ DszC.
5.3.2 Identification of four major inhibitory interactions in the 4S pathway.
All the possible interactions among the 4 different desulfurization enzymes and the four
compounds in the pathway (DBT, DBTO2, HBPS and HBP) were studied to determine the major
inhibitory interactions. DBTO was not included because it is not typically observed during the
BDS process because its rate of consumption is much faster than its rate of generation (Gray et
al, 1996). The strength of inhibition was studied by means of a dose-response plot. The dose-
response equation describing the effect of inhibitor concentration on enzyme activity is
expressed as (Copeland, 2000):
Vi 1 (3)
vo 1+
IC50 ,
where vi is the enzyme's activity at an inhibitor concentration of [I], vo is the enzyme's activity in
the absence of inhibitor, and IC 5o is the concentration of inhibitor required to reduce the
enzyme's activity by 50%. The IC 5o parameter is phenomenological and has no mechanistic
implications. The value of IC5o was obtained by fitting the data of vi /vO versus [I] using the non-
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linear fitting package nlinfit in MATLAB@ to the dose-response equation. The four major
inhibitory interactions identified were (in order of decreasing strength): DszC inhibition by
HBPS (IC50 = 15 2 pM), DszC inhibition by HBP (IC5o = 50 5 pM), DszA inhibition by HBP
(C 50 = 60 5 pM) and DszB inhibition by HBP (IC 50 = 110 ± 10 pM) (Figure 5-2 and Table 5-
2). Note that the IC50 values of all four inhibitory interactions are significantly smaller than the
cytoplasmic HBP concentrations (Figure 4-10). Even in the best-case scenario, when 50 g/L of a
highly HBP-selective resin was added to the BDS mixture, the cytoplasmic HBP concentration
was still 260 pM (Figure 4-10). This finding suggests that these four inhibitory interactions
might be responsible for the reduction in biocatalyst activity that is observed during a typical
BDS process when HBP is generated endogenously from DBT within the biocatalyst.
The only prior preliminary characterization of inhibition within the 4S pathway showed
that DszB from R. erythropolis KA2-5-1 had an IC50 of around 2 mM (Nakayama et al, 2002).
We report here three new inhibitory interactions in the pathway that are stronger than any
previous preliminary findings. Note that the strongest inhibitory interactions are on the first
enzyme in the pathway, DszC, and the strength of inhibition decreases farther down the pathway,
with the last enzyme in the pathway, DszB, having the weakest inhibition at IC50 = 110 PM
(Figure 5-2B). Note also that the major inhibitory compounds in the pathway are the last two
intermediates, HBPS and HBP. This pattern of inhibition is typical of feedback inhibition of
linear pathways; for example, in the tricarboxylic acid (TCA) cycle the first enzyme in the
pathway is strongly inhibited by the end product ATP.
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Figure 5-2. Normalized desulfurization enzyme activity at different inhibitor concentrations for
the four major inhibitory interactions identified in the 4S pathway. (A) - DszA inhibition by
HBP has an IC50 of 60 ± 5 pM; (B) - DszB inhibition by HBP has an IC50 of 110 ± 10 PM; (C) -
DszC inhibition by HBPS has an IC50 of 15 ± 2 pM; (D) - DszC inhibition by HBP has an ICso
of 50 ± 5 pM. Solid lines are model fits to equation 3.
Table 5-2. Summary of inhibition parameters for the four major inhibitory interactions
including the mechanism of inhibition, the K1, a and IC50 values.
Enzyme Inhibitor Mechanism K (tM) a IC50 (pM)
DszA HBP Not determined n/a n/a 60 ± 5
DszB HBP Not determined n/a n/a 110 + 10
DszC HBPS Non-competitive 13.5 0.13 15 + 2
DszC HBP Non-competitive 40 0.4 50± 5
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5.3.3 Mechanism of the major inhibitory interactions in the 4S pathway.
The telltale sign of non-competitive inhibition is a reduced Vmax without a change in Km
as the inhibitor concentration is increased (Copeland, 2000). This phenomenon was observed in
the inhibition of DszC by both HBPS and HBP (Figure 5-3A and Figure 5-3B). The model for
non-competitive inhibition of an enzyme that obeys Michaelis-Menten kinetics is given by
(Copeland, 2000):
V.[ S]v" =S (4)
K, (1+ +[S] 1+ "1
K, aK,
where [I] is the inhbitior concentration, Ki is the inhibition constant, and a is a parameter that
reflects the effect of inhibitor on the affinity of the enzyme for its substrate, and likewise the
effect of the substrate on the affinity of the enzyme for the inhibitor. Non-competitive inhibition
refers to the case in which an inhibitor displays binding affinity for both the free enzyme and the
enzyme-substrate binary complex (see Appendix B2). This form of inhibition is the most
general case; in fact, competitive and uncompetitive inhibition can be viewed as special,
restricted cases of non-competitive inhibition in which the value of a is infinity or zero,
respectively (Copeland, 2000). Since the kinetics of DszC showed substrate inhibition, a
modification to the non-competitive model was derived (see Appendix B2). The non-
competitive inhibition of DszC by HBPS and HBP can be expressed as:
VK= V]lV)T;I [I] K (5)
K,,,1+ +[S]1I+ - + 2
K, aK, Ks,
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The solid lines in Figures 5-3A and 5-3B represent the fits for the non-competitive inhibition
model (equation 5), where the values of Ki and a were 13.5 pM and 0.13 for HBPS inhibition
and 40 pM and 0.4 for HBP. Fitting of the model to the data was attempted using nlinfit from
MATLAB@, but was unsuccessful due to convergence issues. Instead the parameters were
determined by a graphical method outlined in section 8.3 of Copeland, 2000. The first step in
this method was the construction of the double-reciprocal Lineweaver-Burk plot. To obain the
values of Ki and aKi two secondary plots were constructed. The first of these was a Dixon plot
of 1/V as a function of [I], from which the value of -aKi can be determined as the x-intercept.
In the second plot, the slopes of the double-reciprocal lines (from the Lineweaver-Burk plot) are
plotted as a function of [I]. For this plot, the x-intercept will be equal to -Ki. Combining the
information from these two secondary plots allows determination of both inhibition parameters.
The mechanism of DszB inhibition by HBP and DszA inhibition by HBPS could not be
determined due to technical complexities with the assay conditions.
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Figure 5-3. Non-competitive inhibition of DszC by HBPS and HBP. A - DszC activity at a
range of DBT substrate concentrations from 0-5 VM and HBPS concentrations of 0 PM (closed
diamonds), 5 pM (closed squares), 25 pM (closed triangles) and 50 pM (crosses). B - DszC
activity at a range of DBT substrate concentrations from 0-5 pM and HBP concentrations of 0
pM (closed diamonds), 100 pM (closed squares), 500 pM (closed triangles). Solid lines are
model fits from equation 10.
125
gA
-
-
5.3.4 Enzyme inhibition accounts for the reduction in biocatalyst activity
A model that incorporated enzyme inhibition was developed to predict the volumetric
desulfurization rate in biphasic BDS experiments (See Appendix C). Loss of biocatalyst activity
unrelated to HBP accumulation was also taken into account in the model through an exponential
decay constant, kd (See Appendix D). The model was used to predict the reduction in
desulfurization rate observed in the BDS bioreactor runs (Figure 2-9). In run 1, a resting cell
suspension of approximately 35 g DCW/L was mixed with hexadecane (0.10 vol/vol) containing
100 mM DBT. The model predicts the concentration of HBP in the oil and water phase and the
volumetric desulfurization rate relatively accurately (Figures 5-4 to 5-6).
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Figure 5-4. Concentration of HBP in the oil phase during the biphasic BDS run 1 in the
bioreactor. Time 0 in this plot corresponds to the time at which agitation was increased to 500
RPM. Data is represented by circles and the model prediction is given by the solid line.
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Figure 5-5. Concentration of HBP in the water phase during the biphasic BDS run 1 in the
bioreactor. Time 0 in this plot corresponds to the time at which agitation was increased to 500
RPM. Data is represented by circles and the model prediction is given by the solid line.
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Figure 5-6. Volumetric BDS rate during the biphasic BDS run 1 in the bioreactor. Time 0 in this
plot corresponds to the time at which agitation was increased to 500 RPM. Data is represented
by circles and the model prediction is given by the solid line.
5.4 Discussion
Dose-response experiments were performed to investigate the potential inhibitory effect
of the various intermediates in the 4S pathway on the desulfurization enzymes. Four major
inhibitory interactions were identified, all of which had IC 50 values under 110 pM. Three of the
four major inhibitory interactions were carried out by HBP. HBP was found to inhibit DszA,
DszB and DszC with IC5o values of 60, 110 and 50 uM, respectively. The IC50 values of HBP on
the desulfurization enzymes are all significantly lower than the minimum cytoplasmic HBP
concentration during the four-component BDS experiments (Chapter 4), which was 260 PM.
This suggests that enzyme inhibition by HBP was responsible for the reduction in biocatalyst
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activity during the four-component BDS experiments. The fourth major inhibitory interaction
identified is the inhibition of DszC monooxygenase by HBPS. This interaction is the strongest
of the four since it has the lowest IC50 value of 15 pM. HBPS concentration during the four-
component BDS experiments was not measured in this work. In another study, R. erythropolis
IGTS8 lysates were supplied with 200 M DBT initially and the concentrations of DBT, DBTO2,
HBPS and HBP were monitored over time (Gray et al, 1996). After 10 minutes, all DBT was
depleted, the HBPS concentration was approximately 130 pM and the HBP concentration was
approximately 50 pM (Gray et al, 1996). From 10 to 60 minutes, the HBPS concentration
decreased steadily from 130 to 0 pM and the HBP concentration increased from 50 to 200 PM.
No DBTO2 was detected at any time (Gray et al, 1996). All of these results agree with the
kinetic data obtained in this work. First of all, since the kt of DszA is approximately 7 times
that of DszC (Table 5-1), the DBTO2 consumption rate is expected to be significantly greater
than its generation rate, which agrees with the fact that no DBTO2 was detected. Second, the
buildup of HBPS within the first 10 min is consistent with the fact that its consumption rate
(DszB kcat = 1.7 min-) is significantly slower than its generation rate (DszA kat = 11.2 min")
(Table 5-1). The fact that the HBPS concentration accumulates to over 130 pM within the first
few minutes indicates that DszC would have been severely inhibited by HBPS at that point in
time. As HBPS is consumed, DszC inhibition by HBPS is relieved but then HBP inhibition of
DszC (and DszA and DszB) become more significant. Therefore, we expect that during a BDS
experiment all four major inhibitory interactions reported here would be important. HBPS
inhibition of DszC is responsible for maintaining the BDS rate low at the beginning of the BDS
process when HBP levels are still low. Once HBP levels rise, HBP inhibition of DszA, DszB
and DszC will be mostly responsible for inhibition of the BDS rate.
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5.5 Conclusions
The 4S pathway enzymes from R erythropolis IGTS8 were expressed and purified to
homogeneity in E. coli. The kinetics of all enzymes were studied and it was determined that the
enzymes, in order of decreasing maximum activity and catalytic efficiency are: DszD > DszA >
DszB ~ DszC. Dose-response experiments were performed among all four desulfurization
enzymes and all four pathway intermediates. From these experiments, four major inhibitory
interactions were identified. Three of the four major inhibitory interactions were carried out by
HBP. HBP was found to inhibit DszA, DszB and DszC with IC50 values of 60, 110 and 50 pM,
respectively. The fact that the IC50 values for HBP are all significantly lower than the best-case
CHBP,cytopLasm = 260 pM suggests that enzyme inhibition by HBP is responsible for the reduction
in biocatalyst activity. A model that incorporated enzyme inhibition predicted the reduction in
desulfurization rate in the biphasic BDS runs in the bioreactor with good accuracy (Figures 5-4
through 5-6).
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5.6 Nomenclature
[Eo] - total enzyme concentration (g/L)
[I] - Inhibitor concentration (pM)
IC50 - inhibitor concentration that reduces enzyme's activity by 50% (PM)
kcat - enzyme turnover number (min-)
Km - Michaelis constant (p1M)
Ks, - substrate inhibition constant (pM)
Ki - enzyme inhibition constant (pM)
[S] - Substrate concentration (M)
vo - enzyme's activity in the absence of inhibitor (nmole product/g enzyme/min)
Vtotal - total volume of oil, water and resin in HBP adsorption by resin experiments (L)
Vm - maximum enzyme activity (nmole product/g enzyme/min)
a - parameter that reflects effect of inhibitor on enzyme's affinity for its substrate
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CHAPTER 6
Conclusions and Recommendations
Abstract
This final chapter first describes the main findings and conclusions of the studies presented in
this dissertation. Then, suggestions for directions for future research are provided.
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6.1 Conclusions
The increasing global levels of sulfur content in crude oil have motivated the
development of alternate desulfurization technologies. Microbial desulfurization (BDS) has
gained interest due to the ability of certain biocatalysts to desulfurize certain compounds that are
recalcitrant to the currently employed hydrodesulfurization technology. Two of the major
obstacles to commercialization of BDS are the presence of mass transport limitations and the
inability to maintain biocatalyst activity for long periods of time. As discussed throughout this
work, the major goals of this thesis have been to first identify the operating space in which mass
transport limitations can be overcome and second, to identify the mechanism for reduction in
biocatalyst activity.
We performed BDS experiments in a small-scale model oil system to investigate the rate-
limiting step in the BDS process. We identified the power input per volume (P/V) as the key
operating parameter that must be increased to overcome mass transport limitations in BDS. We
identified three regimes with respect to this operating parameter. At values of P/V below 100
W/m 3, the oil-to-water DBT mass transport rate is limiting. Between P/V values of 100 and
approximately 10,000 W/m3, the diffusion of DBT within the biocatalyst aggregates is the rate-
limiting step. Above 10,000 W/m3, the biocatalyst activity is the rate-limiting step.
We reported the ability of the biocatalyst to retain high levels of HBP of up to 330 mg/g
DCW at HBP concentrations in the medium of 100 mM. We identified that higher levels of HBP
retained by the biocatalyst led to a reduction in biocatalyst activity. This led us to investigate the
use of an HBP-selective adsorbent resin in an attempt to reduce HBP retention by the biocatalyst
during BDS. The resin was successful in reducing HBP retention by up to 10 fold. Despite the
reduced HBP retention, the reduction in biocatalyst activity was not mitigated in the presence of
133
the resin. This led us to hypothesize that the biocatalyst might be susceptible to very low
intracellular concentrations. We subsequently investigated the inhibition of the desulfurization
enzymes by HBP and the other pathway compounds. We found that HBP inhibits all three
enzymes directly involved in the conversion of DBT to HBP. The concentration of HBP needed
to reduce the activity of these enzymes by 50% was 3 to 20 times smaller than the intracellular
HBP concentration in the best-case scenario during BDS in the presence of 50 g/L of the HBP
selective resin. From these results, we conclude that enzyme inhibition by HBP is the cause for
the reduction in biocatalyst activity during BDS.
6.2 Recommendations for future work
Since we identified DBT mass transport within the biocatalyst aggregates as the major
mass transport limitation in BDS, reducing biocatalyst aggregation would allow the system to
achieve greater BDS productivity at lower power input per volume than currently needed.
Addition of a water-soluble chemical to the BDS medium that might reduce biocatalyst
aggregation may help in this regard. Antibiotics added at sub-inhibitory concentrations to the
medium have been shown to reduce hydrophobicity and bacterial adhesion to hydrocarbons
(BATH) in other bacteria, including Salmonella enteritidis (Wojnicz, 2007). Biocatalyst
aggregation occurs due to the preference for cell-cell interactions (hydrophobic-hydrophobic) as
opposed to cell-water interactions (hydrophobic-hydrophilic). Therefore, reducing biocatalyst
hydrophobicity should help reduce aggregation. One drawback of this strategy is that reducing
cell hydrophobicity may also reduce cell adhesion to the oil phase. This may in turn increase oil
droplet size and may affect oil-to-water DBT mass transport. As a result, there is probably an
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optimal level of biocatalyst hydrophobicity where favorable cell adhesion to the oil phase occurs
without a large amount of aggregation occurring as well.
Another key area of research to improve BDS is to reduce enzyme inhibition by HBP and
HBPS. The mechanism of inhibition of DszC by HBPS and HBP was shown to be
noncompetitive in this work. This suggests that these compounds are binding to the enzyme at a
site other than the active site. Determining the location of this binding site would be of great
value. Mutation of the DszC enzyme at this binding site could then be performed in an attempt
to engineer a DszC mutant that might be immune to inhibition by HBP and HBPS. A similar
project to determine the mechanism of inhibition on DszA and DszB and then engineering
mutants that are immune to HBP inhibition would also be of interest to the field. In the end,
overcoming inhibition of the pathway enzymes by HBP and HBPS is a key obstacle that must be
overcome if BDS is to be commercialized in the future.
Minimum amount of research has been performed in this thesis with real crude oil
desulfurization. It is highly recommended that the following studies be performed:
Using various alkylated derivatives of DBT, Rhodococcus erythropolis and other
strains should be grown and adapted to evolve strains that might degrade these
recalcitrant compounds.
" These isolated strains should then be tested using both Saudi Arabian crude oil
and diesel oil to see the strains' abilities to desulfurize real materials.
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APPENDIX A: Rate-limiting step analysis supplementary calculations
A.1 Development of correlations for scale-up predictions.
During the biphasic (oil-water) BDS experiments in the small-scale system, various
microscopic images were taken at each of the three mixing speeds studied (500, 800 and 1000
RPM). The fraction of cells in aggregates (fagg) and the mean aggregate size (d32,agg) at each
mixing speed was calculated by CellProfiler. From these measured values, correlations were
developed for expressing fagg and d32,agg as functions of the power input per volume (P/V):
fag, = (-3.6 x 10-14(P /V) 3 +3.4 x 10-9(P/V) 2 -39.9 x 10~5(P /V) + 0.94) (Al)
d3 2 ,agg = 2131(P/V)o'3 (A2)
Images were also taken of resting cell suspensions being stirred at a mixing speed of 500 RPM in
the small-scale system. The resting cell suspensions imaged had cell densities of 3.1, 6.2, 15.5
and 31 g DCW/L. The values of fagg and d32,a at the different cell densities were calculated by
CellProfiler. The values of fagg and d32,agg were found to increase monotonically with cell density
(X) according to a power-law dependence. The power was determined to be 0.4 by fitting the
values of fagg and d32,agg calculated from CellProfiler to the power-law equation using nlinfit from
MATLAB). The final correlations for the dependence of fagg and d32,agg on P/V and X are given
by:
fag, = (-3.6 x 10-14(P /V) 3 + 3.4 x 10-9(P/V)2 -39.9 x 10 5 (P /V) + 0.94)(X/X) 4  (A3)
d32,agg = 2100(P/V)~42(X/X) (A4)
where Xo is the cell density that was studied in the biphasic BDS experiments in the small-scale
system in this work, which was 15.5 g DCW/L.
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A.2 Calculation of Vtotai for scale-up predictions.
The following calculations were performed in MATLAB@. At a given set of operating
conditions (P/V, X and *), the values of kwa, fagg and d32,agg were calculated from equations 17,
18 and 19. The oil-water mass transport rate in the presence of cells (MTReens) was calculated
from equation 14 using the value of kwa obtained from equation 17. The effectiveness factor (11)
was calculated from equation 8 using the values of fagg and d32,agg obtained from equations 18 and
19, respectively. The value of Rtota was then calculated from equation 5. The value of Vtota was
then calculated from the value of Rtotal using equation 15. The values of MTRells and Vtotal
calculated were compared. If MTReens <Vtotal then the value of MTReens was stored into Vtotal
instead. If MTRceeis > Vte then the value of Vtow was maintained.
A.3 Calculation of BDS productivity upon scale-up.
These calculations are for predicting the BDS productivity in a bioreactor of size Vtank.
The total volume of crude to be desulfurized is VcUde and the DBT concentration in the crude is
CDBT,oil. The volumetric desulfurization rate in the bioreactor is Vtota. The bioreactor operates at
an oil fraction of * and a power input per volume of P/V. The time to desulfurize one batch
containing a volume of crude of 4 Vtan(tone batch) in the bioreactor is given by:
#CDBToil(
Vtotal
The number of batches (Nbatche) needed to desulfurize Vcrude given by:
Nbches - Vc"de (A6)
Vtalnk tu
The total time (tt 0oi) needed to desulfurize Vcrude is given by:
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t,,= (tone batch )(Nbaces) (A7)
The total agitation energy needed to desulfurize Verude is given by:
E (ota = P /V)Vt DPVCol e (A8)
total
The agitation energy spent per volume of oil desulfurized (Especme') is given by:
Esfic = (P /V)CDBToil (A9)
Vtotal
The BDS productivity is defined in the current work as the volume of oil that can be desulfurized
per unit of energy, and is thus given by the inverse of Especific:
1
BDS productivity = E (A10)
Note that the BDS productivity is independent of Vtank and Vaude.
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APPENDIX B: Enzyme purification and derivation of inhibition model
B.1 Primers for PCR amplification.
The dszA gene was amplified with the following forward (5') and reverse (3') primers:
5': CTCAGAGAATTCGATGACTCAACAACGACAAAT
3':CTCAGAAAGCThTCATGAAGGTTGTCCTTG
The dszB gene was amplified with the following forward (5') and reverse (3') primers:
5': CTCAGAGAATTCGATGACAAGCCGCGTCG
3': CTCAGAAAGCTTCTATCGGTGGCGATrGAGG
The dszC gene was amplified with the following forward (5') and reverse (3') primers:
5': CTCAGAGAATTCGATGACACTGTCACCTGAAAAGC
3': CTCAGAAAGCTTTCAGGAGGTGAAGCCG
The dszD gene was amplified with the following forward (5') and reverse (3') primers:
5': CTCAGAGAATTCGTrGTCTGACAAGCCGAATG
3': CTCAGAAAGCTTCTATTGACCTAACGGAGTCGG
B.2 Combined non-competitive inhibition and substrate inhibition model.
The various reactions involved in the production of a compound, P, by an enzyme, E, that is
inhibited by its substrate, S, and by a non-competitive inhibitor, I, are as follows:
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E+S- K- ES K =[E[S][ES]
E+It K: EI K, =[E][l]
[EI][S
EI+S- aK EIS aKi= [EI][S]
" [EISI
ES +I- : K' : EIS aK, [ ES][1][EIS]
ES + S : K, : ES2 Ks1 [ ES][S][ES2]
ES '2 -E +P
The rate of product formation is given by:
dP
dt = rate = v = k2ES]
Conservation of enzyme species:
[E0 ] = [E] + [ES] + [ES2]+[El] + [EIS]
Solving for [ES] yields:
[ES [S][ E0 ]
K 1+- +[S] 1+ +
"' ( IK, aK, Ks,
Finally, the rate is given by:
k2[E 0 ][S] VM[S]
v1 =1 [S2 [].i]2
KM 1+- + [S] 1+- +- K,, 1+ + [S](1 + - +-
"' K,) aK, Ks, K, aK, )Ks,
B.3 Expression and purification of active desulfurization enzymes.
The four desulfurization enzymes were expressed in E. Coli BL21 and purified using Ni-
NTA agarose (Figure BI). All four enzymes were found to be active and cryogenic stocks of
each enzyme were prepared by flash-freezing using liquid nitrogen. Enzyme stocks stored at -
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80*C were used for characterization of the kinetics and inhibition of each enzyme.
Figure B1. Purified stock desulfurization enzymes run on a 4-20% Tris-Glycine SDS-PAGE gel
for 30 minutes at 190 V. Gel wells were 50 uL, 45 uL of 50 times diluted stock solutions were
run in each gel. The ladder bands correspond to 10, 15, 20, 25, 37, 50, 75, 100, 150, and 250
kDa from bottom to top.
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Appendix C: Enzyme inhibition model to predict the BDS rate
The model equations for predicting the concentrations of the 4S pathway compounds
over time are expressed as:
dCDT (Ka)oc (C - D CBr) (Ka)Ow (Cr - IDBTrC"BT)
dt a a (C
dC". (Ka)wc(CZr - PDrCBr) (Ka)w(COr -PWEC'E")
dt f,. f-- (C
dC'liT (Ka)c{C("" - PLTCD kc,EOC (exp(-kdt)) (Ka} {C' -P C"
dt f.. Km(1 + Cc: I,) + Ice(I+Cce 4aKjj) + (c Y)2 i KsF
AB Fcell
dCco2 kc EOCc(exp(-kdt)) k. EOC "2(exp(-k
at K ,c{1+C- I K,)+C 1+Cc lIaK, +(C }2 IK, (K.,+C " o2)(1+CDEICW,)
m.\ HEP 1 DEk+ HEP 1 II;j~ DES A BA 'DEO HE)' 504
dC"s kE' 0 o2 (eXP(-kdt)) kc.EOC;"ps(exp(-kdt))
dt =K +C" 0 2)(1 + CHIP c { -K+Cis {1+ C|c',IC)
dCc kE OCHBPS (exp(-kdt W (Ka)oc( C--P C1CHP)
HEP _ cat 0,cC A) 50 C15 5 (Ka).c(C(CBP- HP B H EP celPH
dt (K., +C s1 I)(I+ C 0,)~ fcz fe
dC',, (Ka) (CCel -P PCH (Ka)0 ,(CM, - POW"Cate
dt f C ( W( i O / t
dCa, (Ka)ocCH -P P (Ka)0 w(C4 - PHC,,)
dt f f
(C
.1)
.2)
.3)
(C.4)
(C.5)
(C.6)
(C.7)
gC R
where CHBPcells and CDBTcells are the cytoplasmic concentrations of HBP and DBT. CHBPwater and
CDBTwater are the concentrations of HBP and DBT in the water phase. C HBP and CDBToil are the
concentrations of HBP and DBT in the oil phase. (Ka)wc, (Ka)oc and (Ka)ow are the overall
volumetric transport coefficients of DBT and HBP between the three interfaces water-cells, oil-
cells and oil-water, respectively. foil, fwater and fcels are the volume fraction of each component in
the system. The kinetic and inhibition constants kcat, Ki, Ksi, K1, IC5 o and a are the same as
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those listed in Tables 5-1 and 5-2. The parameters Pwc pocHBP and POWHBP are the partition
coefficients of HBP between the water-cytoplasm, oil-cytoplasm and oil-water phases,
respectively. The parameters PwCDBT, POCDBT and POWDBT are the partition coefficients of DBT
between the water-cytoplasm, oil-cytoplasm and oil-water phases, respectively. The partition
coefficient of HBP between the cytoplasm and water (PWCHBP) was estimated from solving for its
value in the expression:
pcels-water _ pcellwall-water p WC j
HBP P Jceil wall HBP cytoplasm
(C.9)
where pells-waterHBP is the partition coefficient of HBP between the cells and the water phase and
Pceil wall-waterHBP is the partition coefficient of HBP between the cell wall and the water. The
parameter Pcels-waterHBP is the overall partition coefficient of HBP between the biocatalyst phase
and the aqueous phase and its value was reported to be 60 in Table 4-1. The value of Pelwa-
waterHBp was estimated to be 550 from the data in Figure 4-5. fen wan and fcytopiasm are the fractions
of the total volume of a single cell that are occupied by the cell wall and cytoplasm, respectively.
In this model, the cell is viewed as being composed of two compartments: the inner cytoplasmic
space and the outer envelope/shell that encompasses the cytoplasm, which is the cell wall. The
thickness of the cell wall (W) in Rhodococcus species has been estimated to be approximately 10
nm (Sutcliffe et al, 2010) and the radius of the cell (Rcen) was estimated to be 0.5 pm (Kilbane et
al, 1992). The values of fcytopiasm and fcen wall were calculated from the expressions:
(Rce, -W) 3
(Rce )3 (C.10)
fcelwa =1 - 3(Rce -W) 3
(Re,U) 3 (C.11)
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The above model assumes:
* DBT and HBP may partition between three phases oil, water and cytoplasmic.
- The cytoplasmic concentration of HBP (or DBT) is not the same as the intracellular
concentration. The intracellular concentration is a lumped concentration taking into
account the cytoplasmic concentration and the concentration in the cell wall.
e DBTO2 and HBPS only exist in the cytoplasm.
- HBPS inhibition of DszC was ignored, only the three inhibitory interactions by HBP
were considered.
e DszD activity was not limiting and was therefore left out of the model.
- Concentrations of DszA, DszB and DszC were all the same and equal to Eo.
* Loss of activity unrelated to HBP, which was measured (see Appendix E), is accounted
for through the term exp(-kdd
e Mass transport steps are much faster than enzymatic reactions so that DBT and HBP
concentrations between the three phases are at equilibrium throughout the entire time.
The mass transport assumption was implemented so that the model would predict the
desulfurization rate in the bioreactor after the agitation speed was increased to 500 RPM. At that
point, it was shown that mass transport limitations were removed (Chapter 2). In order to
implement this assumption, the values of Ka for all three interfaces (oil-water, oil-cells and
water-cells) were set to be orders of magnitude larger than the enzymatic kinetic rates.
Therefore, the exact values of each of these parameters were not needed. Table D. 1 shows all
the parameters in the model and how each was obtained. From Table D.1, the only unknown
parameter was E0. The value of this parameter (Eo) was obtained by allowing its value to vary
until the initial desulfurization rate predicted by the model matched the measured desulfurization
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rate in the BDS bioreactor experiment at the point at which the mixing speed was increased to
500 RPM. The value of E0 obtained was 15 mg/mL, so that the total concentration of
desulfurization enzymes in the cytoplasm was 45 mg/mL. This value is of the same order as the
total cytoplasmic concentration of protein, which has been reported to be approximately 200
mg/mL (Ellis et al, 2001).
Table D.1 Parameters for the BDS rate predictive model
Parameter Definition Value Source
foil Oil volume fraction 0.10 Input value from BDS bioreactor runs in chapter 2
fees Cells volume fraction 0.03 Calculated from cell concentration X, oil fraction and
assumed Rhodococcus cellular density of 1 g/mL
fwter Water volume fraction 0.87 Calculated from mass balance fwter = 1 - foil - foes,
P DBT Water-cells DBT 1 Assumed since the cytoplasm is expected to be an
partition coefficient aqueous phase and DBT solubility in water is 5 uM
P DBT Oil-water DBT 21000 Jia et al, 2006
partition coefficient
PMDBT Oil-cells DBT 21000 PCDBT = POWDBT/ PWCDBT by definition
partition coefficient
P HBP Water-cells HBP 7 Calculated from D.9
partition coefficient
powHBP Oil-water HBP 29 Calculated from data in Figures 2-7 and 2-8
partition coefficient
PH BP Oil-cells HBP 4.1 PHBP = PwHBP PwBP by definition
partition coefficient
kcat Turnover number See Table 5-1 Measured for all enzymes, see Table 5-1
Km Michaelis constant See Table 5-1 Measured for all enzymes, see Table 5-1
Ks, Substrate inhibition See Table 5-1 Measured, see Table 5-1
constant
IC50  Inhibitor level to See Table 5-2 Measured for all enzymes, see Table 5-2
reduce activity 50%
K1  DszC inhibition 40 Measured, see Figure 5-3
constant by HBP
a Noncomp. Inhib. 0.4 Measured, see Figure 5-3
Model constant
kd Constant for loss 0.034 h' Measured, see Figure E. 1
activity unrelated to
HBP
X Cell concentration 33 g DCW/L Input value from BDS bioreactor runs in Chapter 2
E0  Enzyme concentration 15 mg/mL By floating this parameter until initial volumetric
desulfurization rate predicted by model matched the
measured rate in bioreactor runs just after mixing speed
was increased to 500 RPM
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Appendix D: Loss of biocatalyst activity unrelated to HBP
Resting cell suspensions of 3.1 g DCW/L were incubated with either 0.25 vol/vol
hexadecane or no hexadecane at 30'C and 250 RPM in a rotary shaker for up to 24 hours. At
various points in time, samples were removed and the desulfurization activity of the biocatalyst
was measured as described in section 2.2.6. The biocatalyst activity was observed to lose
activity over time (Figure D. 1). This reduction in activity is unrelated to HBP accumulation
since there was no DBT or HBP in the system. The solid lines are exponential decay fits to the
biocatalyst activity versus time data. The reduction in activity appears to have been mitigated to
some extent by the presence of 0.25 vol/vol hexadecane during the incubation.
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0.70 - --- 2 0781
0 0.60
0 0.50
; 0.40
S0.30 y e-o.034t
Z R2= 0.960.20
0.10
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n 5 10 15 20 25 30
Figure D.1 Loss of biocatalyst activity unrelated to HBP. Cells were incubated at 300C and 250
RPM shaking in either the absence (diamonds) or presence of 0.25 vol/vol hexadecane (squares).
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Exposure time (hours)
